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Si(111) √3×√3R30°-Ag and Ag(111)” in Chapter 5, have been performed in collaboration with Dr. Robert 
Mawhinney. The role of Renjie Liu was to provide the initial structures and experimental data, apply the 
kinetic model to these data, and control the adherence of the calculations to the experimental results. 
The used molecular precursors were synthesized by collaborators from The Perepichka Research Group 





The synthesis of two-dimensional organic nanostructures on metal and semiconducting surfaces is 
studied under ultra-high vacuum (UHV) conditions. Three halogenated organic molecules are investigated 
using scanning tunneling microscopy (STM) on both metal and semiconducting substrates. 
The first system studied is the adsorption of brominated tetrathienoanthracene (TBTTA) molecules 
onto the Si(111) √3×√3 R30°-Ag (Si(111) √3-Ag) surface at room temperature. STM images reveal that 
at low coverage, the molecules readily migrate to step edges and defects in the √3 overlayer. With 
increasing coverage, the molecules eventually form compact supramolecular structures. At higher 
coverage (0.4 - 0.6 monolayers), the spatial extent of the supramolecular structures is often limited by 
defects in the underlying √3 layer. Our results suggest that the √3-Ag surface provides a relatively inert 
substrate for the adsorption of TBTTA molecules, and that the supramolecular structures are held together 
by relatively weak intermolecular forces. 
The second organic molecule investigated is 2,4,6-tris(4-iodophenyl)-1,3,5-triazine (TIPT). Molecules 
are deposited onto two related surfaces, Ag(111) and Si(111) √3-Ag. On the Ag(111) surface, TIPT 
molecules dehalogenate spontaneously upon deposition and form organometallic structures at room 
temperature. Gentle annealing at ~ 100 °C leads to a more ordered molecular network characterized almost 
exclusively by hexagons and polymerization was confirmed after further annealing at ~135 °C. On the 
Si(111) √3-Ag surface TIPT molecules remain largely intact and readily diffuse to step edges and defects 
in the √3 overlayer.  At low coverage, most images display regularly spaced “fuzzy lines” which indicate 
molecular diffusion at room temperature. At higher coverage (0.4 – 0.8 monolayers), supramolecular 
domains are formed. The geometry of the cell is similar to an energy optimized 2-d free-standing TIPT 




room temperature and that the supramolecular domains are characterized by zig-zag rows of intact 
monomers held together primarily by I···H hydrogen-like bonding. 
Finally, the adsorption of 2,6,10-tribromo-4,8,12-trioxa-3a2-azadibenzo[cd,mn]pyrene (TBTANG) 
molecules is detailed on both Au(111) and Si(111) √3-Ag surfaces. Dosing TBTANG molecules onto a 
Au(111) surface at room temperature leads to the self-assembly of intact molecules while deposition onto 
a hot Au(111) surface yields a complete polymer layer. On the Si(111) √3-Ag surface the molecules 
display high mobility. With increasing coverage, TBTANG exhibits long-range self-assembly of intact 
molecules. As the coverage approaches one monolayer, the self-assembled layer extends over the entire 
surface. Defects in the √3-Ag substrate affect the integrity of domains, but do not limit the size. 
Preliminary annealing experiments do not lead to polymerization of the TBTANG layer. Rather, annealing 
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Understanding and manipulating matter on atomic level are considered key goals in materials science. 
To investigate how atoms and molecules arrange themselves into novel structures upon deposition, and 
understand the resulting emergent behavior and interesting phenomena has attracted countless researchers 
[1].  
The year 1981 can be considered a milestone for surface science, since the rules of the game were 
fundamentally changed when the first Scanning Tunneling Microscope (STM) was invented [2]. Although 
a large number of techniques had been applied in surface science before that, low-energy electron 
microscopy, scanning electron microscopy, reflection electron microscopy to name a few, with the 
invention of STM, scientists got a chance to observe and manipulate matter at the atomic scale.  
The introduction of the term, ‘nanotechnology’, is often attributed to the talk ‘There’s plenty of room 
at the bottom’, by physicist Richard P. Feynman at the annual meeting of the American Physical Society 
in 1959 at the California Institute of Technology [3]. In the talk, Feynman suggested how it should be 
possible to manipulate and produce things that were many, many times smaller than the smallest 
miniaturization achievable at the time. He predicted that humans would be able to control matter at an 
atomic level by the year 2000. He was right to some extent, since the invention of the STM made his 
prediction came true just 30 years after his talk. Since its invention, it has become one of the most powerful 
tools in surface science. Moreover, the method is not only limited to obtaining the topography of a surface 
at an atomic level, it can also be applied to manipulate atoms and molecules on these same surfaces.  
In the last several decades, STM has also proven of paramount importance in studying the self-
assembly of molecules at surfaces. Supramolecular self-assembly is a spontaneous and reversible process 
by which single molecular species arrange themselves into ordered two dimensional structures via non-
covalent intermolecular interactions. The phenomenon has been widely considered as a bottom-up 




in a wide range of environments such as; in solution, on solid surfaces [9, 10] or at the liquid-solid interface 
[11, 12]. 
In addition to a fundamental interest in understanding the behavior of the molecules on surfaces, two 
dimensional (2-d) supramolecular self-assembly is of considerable importance in many practical 
applications. For example, a phenanthroline-containing molecule self-assembles to form a supramolecular 
optical sensor that is sensitive to micromolar concentrations of various hazardous metals [13]. Self-
assembly also impacts the manufacturing of molecular electronic devices. For example, self-assembled 
guanosine derivatives are important in the fabrication of electronic nano-devices [14]. 
Although self-assembled molecular networks are highly ordered due to the weak nature and the 
reversibility of the non-covalent bonds between molecules, the weak bonds can also limit application of 
these molecular aggregates in some real-world applications. In order to improve thermal, mechanical and 
chemical stability, the potential realization of regular molecular networks held together by stronger 
covalent bonds has triggered increased attention. In addition, covalent nanostructures can exhibit 
relatively high charge carrier mobilities due to their strong intermolecular bonds. Surface confined 
polymerization has been widely explored as a promising route to the creation of one- and two-dimensional 
(1-d/2-d) surface-supported polymers with a high degree of order and electronic conjugation. 
One approach to on-surface polymerization is the adsorption of halogenated aromatic precursors onto 
atomically flat single-crystal surfaces. The surface acts to both catalyze the de-halogenation of an aryl-
halide, and to confine the subsequent polymerization reaction in two dimensions. Several successful 
examples of 2-d polymers have been demonstrated on single crystal surfaces [15-19], however limited 




An active polymer layer on a silicon surface could form the basis of an organic-inorganic 
semiconductor hybrid device which could be incorporated into existing Si electronics technology [20, 21]. 
One significant challenge to 2-d polymerization on silicon however, is the high reactivity of the surface 
to organic molecules [20]. One approach is to passivate the Si surface and ensure a surface with high 
mobility, to allow for the supramolecular ordering of the organic precursors. For example, the  
Si(111) √3-Ag surface has been demonstrated to be a weakly interacting surface, allowing a number of 
organic molecules to remain mobile and form well-ordered 2-d layers [22-26]. 
Three halogenated molecules will be examined in this thesis. One molecule is a brominated 
tetrathienoanthracene (TBTTA) monomer (Figure 1.1 (a)); the other two are 3-fold symmetric organic 
molecules: 2,4,6-tris(4-iodophenyl)-1,3,5-triazine (TIPT) (Figure 1.1(b)) and 2,6,10-tribromo-4,8,12-
trioxa-3a2-azadibenzo[cd,mn]pyrene (TBTANG) (Figure 1.1(c)).  
The initial goal of the thesis is to investigate the mobility of halogenated precursors on the Si(111) √3-
Ag surface. Our work demonstrates that the deposition of TBTTA onto the Si(111) √3-Ag surface at room 
temperature leads to the supramolecular assembly of molecules. STM images reveal that at low coverage, 
the molecules readily migrate to step edges and defects in the √3-Ag overlayer. With increasing coverage, 
the molecules eventually form compact supramolecular structures. These results indicate that √3-Ag 




adlayer acts to passivate the silicon surface and provides a high-mobility template for TBTTA adsorption 
[27]. 
We also study the adsorption of TIPT molecules onto two different, but related surfaces, Ag(111) and 
Si(111) √3-Ag, to highlight the effect of molecule-substrate interactions. Ag(111) is a simple close-packed 
noble metal surface, while Si(111) √3-Ag has a so-called honeycomb-chain-trimer structure, obtained 
after one monolayer of Ag is deposited onto the Si substrate. It consists of pseudo-hexagons of Ag 
surrounding Si trimers [28]. This more complex surface is less reactive than the bare Si surface but can 
still interact with molecules, affecting the ordering of the overlayer. 
The second three-fold molecule we investigate, TBTANG, is also a halogenated molecular precursor. 
This molecule was deposited and diffuses freely on Si(111) √3-Ag surface at room temperature. With 
increasing coverage, TBTANG exhibits a long-range self-assembled structure of intact molecules. The 
ordered structure is characterized by several closely packed rows of molecules. Within the rows the 
repeating motif is two-molecules linked together by non-covalent halogen-halogen interactions. As the 
coverage approaches one monolayer, the Si(111) √3-Ag surface remains unaffected and the self-
assembled layer extends over the entire surface. Defects in the Si(111) √3-Ag substrate do affect the 
integrity of domains, but the size of domains does not appear to be limited by the density of these defects. 
We found the size and the symmetry of the unit cell on the complete layer is very close to the 
supramolecular layer found on the Au(111) surface [29]. However, due to differences between two 
substrates, the molecular structure does exhibit some interesting features which are unique to the  





The thesis is organized as follows:  
Chapter 2 briefly reviews the up-to-date fundamental understanding of molecules at surfaces as well 
as the current state-of-the-art of research in 2-d supramolecular self-assembly and on-surface synthesis of 
2-d polymers. The discussion will primarily focus on the influence of key parameters affecting molecular 
self-assembly and on-surface polymerization, such as the properties of the substrate, the types of inter-
molecular interactions, and the effect of the substrate on the structure of the overlayer. 
Chapter 3 gives a short outline of the significant experimental as well as theoretical techniques 
employed in the thesis, including ultra-high vacuum (UHV) technology, Low Energy Electron Diffraction 
(LEED), Auger Electron Spectroscopy (AES), Scanning Tunneling Microscopy (STM) and Density 
Functional Theory (DFT). A brief introduction to the molecular precursors utilized in this work is also 
included. 
Chapter 4 discusses the supramolecular assembly of TBTTA on Si(111) √3-Ag surface at room 
temperature, and Chapter 5 is devoted to TIPT deposition on the Ag(111) and Si(111) √3-Ag surfaces 
both at room temperature and elevated temperatures. Chapter 6 presents the supramolecular self-assembly 
of TBTANG both on the Au(111) and Si(111) √3-Ag surfaces at room temperature. The formation of a  
2-d TBTANG polymer on the Au(111) surface is also discussed. 
Chapter 7 provides a summary of all the experimental, and theoretical findings, and based on these 



























2.1.1 Ag(111) and Au(111) 
Ag is a stable transition metal, and one of the few metals found abundantly in nature as a pure native 
element. This stability is due to its relative inertness. The crystal structure of silver is face centered cubic 
(fcc) (Figure 2.1a), and so the Ag(111) plane exhibits atomically flat surface with hexagonal arrangement 
of surface atoms (Figure 2.1b). This (111) surface has the lowest energy of the high symmetry surfaces. 
Au(111) also exhibits a hexagonal surface. However, in contrast to the other noble metals, the Au(111) 
surface reconstructs into a so-called herringbone structure at room temperature [30-32]. This 
reconstruction is due to the uniaxial compressive strain of the outermost layer such that 23 atoms are 
arranged over 22 bulk lattice sites underneath (see Figure 2.2). This mismatch between top layer and 
Figure 2.1. (a) FCC crystal structure of silver. (b) The (111) plane of silver 
Figure 2.2. Schematic representation of a vertical cut through the first few layers of the 
Au(111) substrate, showing how 23 surface atoms fit into 22 lattice sites by compressing the 
top layer of the surface with the additional atom colored dark red. The positions 
corresponding to lined-up fcc and hcp sites are indicated by the vertical lines. Figure adapted 




second layer leads to a rectangular unit cell of (22×√3) and periodically distributed areas of fcc and hcp-
type stacking.  
2.1.2 Silicon Crystallography 
Silicon is one of the most commonly used semiconducting substrates. Silicon has a diamond lattice 
structure (fcc with a basis of two atoms). The primary cleavage plane, (111) as outlined in Figure 2.3, is 
one of the most complicated and fascinating planes and has been studied extensively in research fields 
ranging from fundamental surface science and materials science to nanotechnology.  
When a clean oxide-free (111)-oriented surface of Silicon is heated to sufficiently high temperatures 
(at least 400ºC), and under UHV conditions, the surface atoms rearrange into their lowest energy 7×7 
configuration which is stable at room temperature. In 1985, Takayanagi performed a comprehensive 
structural analysis of the Si(111) 7x7 surface reconstruction by evaluating the intensity distribution of the 
spots in transmission electron diffraction patterns and was able to propose a model that involved dimers, 
stacking faults and adatoms [33]. This model is known as the dimer-adatom-stacking-fault (DAS) model 
and remains the gold standard in our understanding of the geometry of the Si(111) 7x7 reconstruction.  
Figure 2. 3. The (111) plane of a silicon crystal 




As schematically shown in Figure 2.4, each supercell in the DAS model of the 7x7 reconstruction 
consists of three layers. The top layer contains 12 atoms (the so called adatoms); the second layer is the 
rest atom layer with 42 atoms, and 48 atoms are in the third layer that contains a stacking fault. Of all the 
surface atoms involved in the reconstruction, 19 are threefold coordinated and possess dangling bonds. In 
particular, there are 12 adatoms, 6 rest atoms and 1 atom in the center of the corner hole. 
2.1.3 Si (111) √3×√3 R30°- Ag Surface 
In our research, a template with enough mobility to allow for the diffusion of organic molecules is 
crucial. Even though the 7x7 reconstruction reduces the dangling bond density from 49 to 19 per 7x7 unit 
cell, previous research has indicated that many organic molecules deposited onto this surface are not 
mobile enough to form ordered domains, and rather absorb randomly and “hit and stick” [34]. To 
overcome this problem, one solution is to passivate the Si surface. Several approaches have been explored, 
Figure 2.4. The top view and side view of the 7x7 cell.  The adatoms in the DAS model fall 
into four symmetry classes: corner faulted (CoF), center faulted (CeF), corner unfaulted 
(CoU), center unfaulted (CeU). The 19 dangling bonds occur at 12 adatoms, 6 rest atoms 
(ReF, ReU) and the atom in the center of the corner hole (CoH). Graph reproduced from 




i.e. Hydrogen terminated silicon surfaces [4-6], Boron terminated silicon surfaces [7-10], and an ordered 
monolayer of metal on silicon surfaces [11-15].  
In our work we focus on the latter approach and in particular the Si(111) √3×√3 R30°- Ag surface. It 
is generally accepted that the √3×√3 reconstruction is obtained following the deposition of one monolayer 
of silver at a substrate temperature of 600°C. One monolayer (1ML) is defined here as 7.83 × 1014 Ag 
atoms/cm2. Two popular structural models for the Si(111) √3-Ag surface are the honeycomb-chained-
triangle (HCT) model [35-37] and the inequivalent-triangle (IET) model [38]. The HCT structure is often 
Figure 2. 6. (a) The atomic structure of the √3-Ag reconstruction, with the hexagonal unit cell shaded. 
Figure reproduced from Tong et al. (2002). (b) A 100Å×100Å STM image of the √3-Ag surface with unit 
cell highlighted in blue. 
Figure 2. 5. (a) A top view of Ag - √3×√3 structure on the Si(111) surface, and (b) a side view of the silicon 




observed at room temperature (RT) and total energy calculations based on DFT indicate that the HCT 
model has lower surface energy [38].  According to the HCT model, deposition of a monolayer of silver 
atoms leads to the formation of the silicon trimers such that every Si atom at the surface is 4-fold 
coordinated and therefore there are no Si dangling bonds (Figure 2.5). 
Figure 2.6 illustrates a schematic of the atomic arrangement of the √3-Ag reconstruction (a) and an 
associated STM image of this reconstruction (b). The highly ordered 2-d hexagonal structure can be 
observed in the image. 
2.2 Molecular Self-assembly at a Surface 
In 1978, the term ‘supramolecular chemistry’ was first introduced by Jean-Marie Lehn in order to 
define, consolidate and generalize the areas of crown ether chemistry, host-guest chemistry, and the 
chemistry of molecular recognition. Only nine years later, the importance of supramolecular chemistry 
was recognized by the awarding of the 1987 Nobel Prize in Chemistry to Donald J. Cram, Jean-Marie 
Lehn, and Charles J. Pedersen in recognition of their work in this area.  
Molecular self-assembly is a common concept in the field of supramolecular chemistry. “The 
spontaneous association of molecules under equilibrium conditions into stable, structurally well-defined 
aggregates joined by noncovalent bonds” can be considered the most general definition for molecular self-
assembly as provided by Whitesides in 1991 [4].  During the self-assembly, molecules interact only with 
their closest neighbors and form specific organized aggregates or networks of different sizes [10].  
The initial interest in self-assembly was understandable, given the fact that living cells self-assemble. 
In other words, the ultimate supramolecular assembly is ourselves, and understanding ourselves requires 
understanding self-assembly. Self-assembly has also been widely studied in non-living systems. For 




surface supported self-assembled monolayers and the growth of nanowires [17] corresponds to 2-d and 1-
d systems respectively.  
The field of surface-supported self-assembly has received significant attention recently. Research 
involving a variety of organic and inorganic building blocks, on many different substrates have been 
reported [10, 39-42]. 
2.2.1 Thermodynamics and Kinetics of 2-d Self-assembly 
Bottom-up and top-down are the two contrasting strategies for the fabrication of nanostructures at 
surfaces. Molecular self-assembly is a classic bottom-up approach to create surface patterns and devices 
on substrates in a controlled and repeatable manner. A great number of 2-d self-assembled structures have 
been explored on different substrates in vacuum, ambient, or in solution. The two major factors that 
influence the 2-d self-assembly are thermodynamic and kinetic effects. 
Figure 2.7. Schematic diagram showing growth processes for atoms or molecules deposited at 
surfaces. D = diffusivity, the mean square distance by which an adsorbate travels per unit time; F = 
deposition rate. The ratio D/F characterizes the growth regime: kinetically or thermodynamically 




Figure 2.7 illustrates how molecules or atoms deposited from the vapor phase grow into nanostructures 
on a surface at an atomic length scale [7]. In the figure, F is the deposition flux and D is the diffusion rate.  
The deposition flux, or the rate of deposition, is a relatively simple parameter. The diffusion rate on the 
other hand needs further explanation. Upon deposition, adsorbed species make a random walk on the 
surface. This motion will continue until the adsorbate is trapped at a fixed nucleation site, such as a surface 
defect or step edge, or until they bind to other adsorbates which allows for the formation of a stable nucleus. 
The diffusion rate is the mean square distance travelled by an adsorbate per unit time, and is a measure of 
how efficiently an adsorbate diffuses on the surface. When the deposition rate is smaller than the diffusion 
rate (large D/F value), adsorbates have enough time to explore the potential energy landscape of the 
surface such that the nucleation of new aggregates occurs at close to equilibrium conditions. This leads to 
so called “molecular self-assembly”. In contrast, when structures grow under conditions of high deposition 
rate and relatively low diffusion (small D/F values), the adsorbates are not mobile enough to reach a low 
energy configuration before meeting other adsorbates. Under these conditions the growth process is 
primarily determined by kinetics and the term ‘self-organized growth’ is used to describe this phenomenon. 
For example, in the study on the co-adsorption of coronene and cobalt octaethylporphyrin (CoOEP) at the 
phenyloctane solution/Au(111) interface, Jahanbekam et al. observed the competition between kinetics 
and thermodynamics for formation of the 1−1 (1 coronene to 1 CoOEP) surface structure [43]. By 
changing the relative concentration of two components in the solution, three different compositional 
phases (pure CoOEP, 1−1 phase and pure coronene) are observed. They found that once 1−1 surface 
structure is formed, it can only be converted to pure CoOEP phase by increasing CoOEP concentration 
but resistant to conversion to pure coronene by flooding with concentrated coronene. Thus, the conclusion 




on-surface molecular self-assembly, the respective roles played by kinetics and thermodynamics need to 
be carefully considered. 
Like any other spontaneous process, self-assembly is the process in which the components of the 
system, molecules in our case, organize into ordered structures as a consequence of specific, local 
interactions among the components themselves, with no external direction. In other words, by noncovalent 
bond formation and bond breaking between molecules, the system evolves towards a minimum in the 
Gibbs free energy ΔG which can be expressed by equation: 
∆𝐺 = ∆𝐻 − 𝑇∆𝑆 
where ΔG is the change in Gibbs free energy, ΔH is the change in enthalpy, ΔS is the change in entropy, 
and T is the temperature of the molecular system. When the process takes place in vacuum, the most 
important interactions which contribute to an enthalpy change, ΔH, are adsorbate-adsorbate and adsorbate-
substrate interaction energies. Thus, self-assembly usually emerges from an initially disorganized state 
and converges towards a more ordered configuration. Molecules form ordered assemblies via 
intermolecular interactions, which decreases the degrees of freedom, and causes a reduction of the total 
entropy of the system, i.e. ΔS < 0. At the initial stages of the self-assembly, due to the relatively large 
negative values of TΔS, ΔG > 0 in spite of ΔH being negative [44, 45]. The initial complexes formed are 
thermodynamically unstable. As the assembly increases in size, the dominance of the ΔH term over the -
TΔS term drives the Gibbs free energy of the system progressively more negative. This process continues 
until a minimization of free energy is obtained and the complex is thermodynamically stable. 
However, during evolution towards the final equilibrium state, the system can become trapped in a 
state far from thermodynamic equilibrium [7, 46]. As described previously in Figure 2.7, the growth of 




D on the surface. Non-equilibrium arrangements can form when the D/F ratio is small, and a local 
energetic minimum is reached faster than the thermodynamic global minimum. If the system does not 
have sufficient energy to overcome the energy barrier for a transition towards the global minimum, non-
equilibrium arrangements will persist on the surface and result in kinetically trapped structures. One 
example reported by Anna et al. [47] demonstrates that the formation of the self-assembly of tetra-
(phenylthymine)porphyrin (tetra-TP) and 9-propyladenine (PA) on highly oriented pyrolytic graphite 
(HOPG) is strongly related to the overall concentration and molar ratio of the molecular species. They 
revealed that due to the low solubility of tetra-TP in solution, it is difficult for the adsorbed tetra-TP to 
desorb back into solution. As a result, the adsorbed tetra-TP and PA are kinetically trapped on the HOPG 
surface. 
2.2.2 Molecule-molecule and Molecule-surface Interactions 
In surface-confined molecular self-assembly, both molecule-molecule and molecule-substrate 
interactions play a role in the stabilization of resultant molecular networks. By properly selecting the 
molecular building blocks with desired functional groups and substrates with the appropriate mobility, 
symmetry and electronic properties, molecular networks with different shapes, sizes and dimensionality 
can be constructed in a controllable manner [5]. 
1) Molecule-molecule Interactions 
The formation of supramolecular assemblies on surfaces is a process where individual building blocks 
are in dynamic equilibrium with the growing structures, and the interactions holding the blocks together 
need to be reversible. The reversibility allows for self-correction and self-healing of the structures, and 
offers the possibility of obtaining nanostructures with a high degree of perfection. Herein, I present a brief 




examples to illustrate the role of these molecule-molecule interactions in molecular self-assembly at 
surfaces. 
Van der Waals interactions 
The Van der Waals (vdW) interaction is a non-covalent interaction between either; two induced 
dipoles, two permanent dipoles or a permanent and an induced dipole. Although vdWs interactions are 
weaker than hydrogen bonding (see below), they can still drive the formation of highly ordered 2-d self-
assembled structures at solid surfaces [48-50]. One example is the pioneering study of the adsorption of 
5,10,15,20-Tetrakis-(3,5-di-tertiarybutylphenyl) porphyrin (H2-TBPP) on Au(111) using a low 
temperature STM as reported by Yokoyama et al. in 2001 [51, 52].  They describe how the formation of 
different supramolecular networks can be achieved by substituting porphyrins with either one or two 
cyano groups on the Au(111) surface. 
Hydrogen bonding (H-bonding) 
H-bonding is defined as an attractive, directional, non-covalent interaction between a hydrogen atom 
from a molecule or a molecular fragment and an atom or a group of atoms in the same or a different 
molecule [53]. Figure 2.8 is the standard representation of a hydrogen bond. The hydrogen bond donor 




consists of a hydrogen atom (H) covalently bound to a more electronegative atom (X), thus forming a 
dipole in which the hydrogen atom is slightly positive. The acceptor may be an atom (Y), or a fragment 
or a molecule (Y–Z).  
The bond strength of a hydrogen bond depends on the electronegativity of both X and A [54-56]. A 
typical hydrogen bond (~4.8 – 9.6 kcal∙mol-1), is usually much stronger than a van der Waals interaction 
(~0.1– 1 kcal∙mol-1), such as in O-H···O=C (7.4 kcal∙mol-1) [57], N-H···O=C (5.19 – 5.73 kcal∙mol-1) [58] 
and O-H···O-H (5.0 kcal∙mol-1) [59, 60], where the X and A species are both strongly electronegative. H-
bonding is one of the most common stabilizing interactions between functional groups in non-covalent 
assemblies on surfaces due to its strength and directionality [61-64]. A textbook example of a hydrogen 
bond stabilized 2-d self-assembly are the molecular networks formed by the co-deposition of perylene 
tetra-carboxylic di-imide (PTCDI) and 1,3,5-triazine-2,4,6-triamine, also known as melamine, on the √3-
Ag/Si(111) surface (Figure 2.9) reported by Beton et al. [25]. The network is stabilized by melamine - 
PTCDI hydrogen bonding represented by dotted lines in Figure 2.9(a). 
  
Figure 2. 9. (a) Chemical structures and H-bonding motif of PTCDI and melamine. (b) UHV-STM 
image of a network formed by both monomers at a silver-terminated silicon surface. Figure 




Halogen bonding (X-bonding) 
The term “halogen bonding” or “halogen bond” refers to a highly directional, electrostatically-driven 
noncovalent interaction involving covalently-bonded halogen atoms in one molecule, to negative centers 
on adjacent molecules. Figure 2.10 is a schematic representation of halogen bonding which is abbreviated 
as R-X···Y, where R can be carbon, halogen, nitrogen, etc., X is a halogen atom, and Y a negative site 
like N, O, Cl, Br, or I [40, 65]. In the context of tailored self-assembly on surfaces, one great advantage 
of halogen bonds compared with hydrogen bonds is that the bond strength can be tuned by choosing a 
different halogen termination. Moreover, halogen bonding has a higher directionality than hydrogen 
bonding [66, 67]. As a result, due to the selectivity, directionality, and tuneability, halogen bonding is 
currently receiving considerable attention as a suitable alternative to hydrogen bonding for the 
construction of supramolecular networks on surfaces [10, 40, 68]. For example, Walch et al. reported the 
formation of various self-assembled structures of 1,3,5-tris(4-bromophenyl)benzene on Ag(111) under 
UHV conditions [69]. In addition, the formation of highly-ordered self-assembled monolayers of an 
achiral organic semiconducting molecule at the solid-liquid interface has been demonstrated by Gutzler 
et al.[70]. In this thesis we have demonstrate the self-assembly of halogenated molecules (TBTTA, TIPT 
and TBTANG) on a passivated silicon surface [27] which will be discussed in Chapters 4, 5, and 6. 




2) Molecule-substrate Interactions 
Types of interactions 
When a molecule is adsorbed onto a surface, it can bind to the surface via either a physical or a 
chemical interaction [71]. Physical adsorption, or physisorption, refers to a case when there is no electron 
transfer between the molecule and the substrate. In this case, the adsorbate interacts weakly with the 
substrate and the molecule-substrate interaction is usually of a van der Waals type [72]. Chemisorption, 
on the other hand, refers to the case when electron transfer or sharing, i.e. covalent bonding, occurs 
between the adsorbed species and the surface atoms. The main features of physisorption and 
chemisorption are summarized in Table 2.1.  
Influence of the substrate on molecular self-assembly 
In order to control 2-d molecular self-assembly on surfaces, it is crucial to exploit non-covalent 
intermolecular interactions. The choice of the substrate also plays an important role in the resultant 
overlayer structure [73]. There are two major influences the substrate can have on the self-assembly of 
organic molecules. First of all, the reactivity of the substrate will influence the diffusion of molecules on 
the surface. When the adsorbate-substrate interaction is too strong, adsorbates tend to “hit and stick” and 
this leads to a disordered overlayer. In general, a highly reactive surface will suppress the mobility of the 
molecules [74]. To reduce the reactivity of the substrate and enable the high mobility of organic molecules, 
atomically flat and chemically inert substrates are required. For example, Suzuki et al. compared the 
adsorption behavior of a prototypical functional molecule, Terephthalic acid (TPA), on the Si(111)-7 × 7, 




Si(111) √3-Ag, and Ag(111) surfaces [26]. Their results indicate that irreversible covalent bonds between 
the molecule and the surface are formed on the Si(111)-7 × 7 due to the high density of dangling bonds. 
TPA adsorbs randomly on the Si substrate and does not form any ordered supramolecular structures. The 
observation of dark spots in Figure 2.11 attributed to adsorbed TPA monomers is an obvious clue. On the 
other hand, TPA forms an ordered layer on the Si(111) √3-Ag surface (Figure 2.12a), and a brick wall-
like structure on Ag(111) (Figure 2.12b).  
The second effect of the substrate is to epitaxially constrain the molecular overlayer [9], by imposing 
an adsorption site on the molecules, and the size and symmetry of the resultant unit cell. An example is 
the adsorption of a particular porphyrin derivative on different metal surfaces as reported by Jung et al. in 
1997 [75]. Results indicate that the porphyrin conformation differs on the three different surfaces: Cu(100), 
Au(110) and Ag(110) as shown in Figure 2.13. Different conformation configurations are due to the 
degree of rotation of the phenyl-porphyrin bonds. This rotation balances the intramolecular steric 
hindrance with the molecule-surface interactions. More recently, Liu et al. reported the 2-d self-assembly 
Figure 2.11. STM image after TPA deposition on the 
Si(111)- 7 × 7 surface. Dark spots are randomly 
adsorbed TPA molecules. Figure adapted from Suzuki 




of 2,4,6-tris(4-bromophenyl)-1,3,5-triazine (BPT) on HOPG, and on single-layer graphene (SLG) grown 
on a polycrystalline Cu foil [76]. The molecules form two different self-assembled structures on the two 
surfaces: compact and a loose pattern on HOPG, and a porous structure with hexagonal-like cavities on 
the SLG surfaces. Moreover, in some cases the adsorption of molecules at preferential nucleation sites is 
observed. This effect is particularly interesting when the substrate can be used as a template to steer the 
growth of adsorbates. A good example is how the 22×√3 herringbone reconstruction on Au(111) can lead 
to the ordered growth of 2-d C60 islands localized at the elbow sites of the reconstruction at low 
temperatures (~ 80 K) [77]. Following this report, a number of subsequent studies with different molecules 
have shown this to be a quite general phenomenon [52, 78]. 
Chemical reactions between substrate and adsorbates can also affect the organization of the overlayer. 
For example, the adsorption of organic molecules with halogen terminated functional groups on transition 
metal surfaces usually results in the formation of molecular coordination networks [17, 19, 69, 79] or 
polymerization [19, 79]. In the case of strong molecule-substrate interactions, the electronic structure of 
the substrate can be modified by the interaction. For example, the modification of surface state is observed 
Figure 2.12. (a) STM image after the deposition of TPA on the Si(111)√3×√3 -Ag surface. 
An atomic height step separating a bare Ag-√3 surface area and TPA region is indicated by 
an arrow. (b) STM image after the deposition of TPA on Ag(111). Figure adapted from Suzuki 




by Scheybal et al. in their study on the adsorption of pentacene on Cu(110) surface [80]. The interaction 
between molecules and substrates can also promote structural changes of the substrate surface. For 
example, the growth of the organic semiconductor 3,4,9,10 perylenetetracarboxylic dianhydride (PTCDA) 
on Cu(110) results in a restructuring of the underlying Cu(110) surface involving the addition or removal 
of Cu rows [81]. Another example involves the deposition of electronegative elements, such as oxygen, 
or halogen onto the Au(111) substrate. On adsorption, gold atoms from surface can be released from the 
outermost layer and locally lift the herringbone reconstruction [82, 83]. 
2.3 Surface Confined Polymerization 
Traditional polymerization of organic molecules involves monomers with two reactive sites per 
molecule which combine to form 1-d chains. Even when multiple reactive sites are involved, the resultant 
polymers often exhibit a disordered 3-d structure. In surface-confined polymerization multidentate 
monomers are deposited onto an atomically flat surface to confine the polymerization reaction epitaxially, 
and to produce polymers with a high degree of order and electronic conjugation in 2-d [84]. Compared 
Figure 2.13. Conformational identification of Cu-TBPP in four stages on three surfaces. (a) on Cu(100). 
(b) on Au(110), precursors are still mobile. (c) on Au(110), final state. (d) on Ag(110). Figure reproduced 




with self-assembled structures, covalently linked 2-d structures exhibit much higher chemical and 
mechanical stability. With tunable electronic properties, 2-d polymers are promising candidates for 
applications in electronic devices [85, 86]. Different approaches to synthesize 2-d polymers on surfaces 
have been proposed, such as Ullmann coupling, imine coupling, Glaser-Hay coupling, dehydration, 
dehydrogenation and Click reactions [87-91]. Of these approaches, Ullmann coupling has proven to be 
one of the most promising routes to the formation of 2-d covalent structures for aryl halides on single 
crystal noble-metal surfaces and is receiving considerable attention. In this thesis Ullmann coupling is 
exploited, and we are able to form highly ordered molecular overlayers linked via covalent bonds on 
Au(111) and on Ag(111) surfaces. 
2.3.1 Organometallic Bonding 
An organometallic bond can be defined as one in which there is a bonding interaction between one or 
more carbon atoms of an organic group or molecule and an inorganic metal species. Organometallic bonds 
are commonly identified as a reaction intermediate in on-surface Ullmann coupling under UHV conditions. 
Although an organometallic bond (~10 – 48 kcal∙mol-1) is generally stronger than a H-bond  
(~4.8 – 9.6 kcal∙mol-1), it is still weaker than a classic C–C bond with a bond energy of ~85 kcal∙mol-1. 
Thus, it exhibits sufficient reversibility during on-surface molecular self-assembly, allowing error 
correction by multiple bond breaking and bond reforming processes. This can be particularly beneficial 
for the construction of long-range ordered networks with relatively high stability [92], and makes the 
organometallic bond an important tool for the formation of 1-d/2-d molecular networks on metal surfaces 
[18, 69, 79, 93, 94]. 
Beyond simply linking organic molecules together, organometallic bonds have been identified as an 
intermediate state towards 2-d Ullmann coupling of molecules on noble metal surfaces in UHV [69, 93]. 




stabilized radicals couple to adatoms of the metal substrates, resulting in metal-carbon bonds. The 
formation of organometallic bonds is highly dependent on the choice of metal substrate and the halogen 
termination of the molecules involved [95, 96]. For example, at room temperature, Iodine is spontaneously 
cleaved from organic molecules when deposited onto Cu, Ag and Au surfaces [97, 98]. On the other hand, 
Bromine is fully cleaved on Cu [17, 69] at room temperature, and only partially on Ag [19, 79]. Additional 
thermal activation is required to cleave C–Br bonds on Au. Ordered and disordered organometallic 
intermediates are commonly found on Ag [79, 99] and Cu [17, 19, 69], but only occasionally observed on 
gold [100]. 
2.3.2 Ullmann Coupling 
The Ullmann reaction, or Ullmann coupling is one of the oldest heterogeneous reactions and is named 
after Fritz Ullmann, a German scientist who discovered it in 1901 [101]. It is a radical addition coupling 
reaction that takes place between aryl-halides in the presence of a copper catalyst (Figure 2.14). More 
recently, this well-known method has been adapted to surfaces to buildup a number of nanostructures in 
1-d or 2-d on noble metal surfaces. Ullmann coupling is attracting more and more attention as bottom-up 
approach for the synthesis of 1-d and 2-d nanostructures, due to its high versatility, and the possibility of 
pre-defining the topology of the resulting covalent structure by the appropriate design of the precursor. 
Figure 2. 14. Coupling reaction involving two aryl halides with a copper 




One excellent example was reported by Grill et al. in 2007, where they demonstrated the successful 
construction of 1-d or 2-d molecular networks by using different tetraporphyrin (TPP)-based molecules 
with one, two or four Br substituents [15]. Following deposition and annealing, molecules with one 
reactive site exclusively formed dimers, while those with two Br atoms per monomer formed linear chain 
structures. Finally, molecules with four reactive sites enabled the formation of 2-d networks (Figure 2.15). 
These results clearly demonstrate that the resultant architecture of the nanostructures can be controlled by 
both the number and position of reactive sites in the molecular building blocks. Generally, Ullmann based 
surface-confined polymerization involves two fundamental reaction steps (Figure 2.16). First, the 
dehalogenation of the molecular precursors, which involves cleavage of an aromatic carbon-halide bond. 
On many surfaces this results in an organometallic intermediate. In the second reaction step, often at 
elevated temperatures, covalent C–C coupling takes place. Thus, in order to control the synthesis of 
Figure 2.15. STM images and corresponding chemical structures of TPP 
monomers with 1,2 & 4 reactive sites on Au(111) surface. Figure adapted 




polymers with desired geometries and properties, these two steps need to be carefully considered in the 
Ullmann reaction.  
1) Influence of the Functional Groups 
In the initial step of surface-confined Ullmann coupling, halogen atoms dissociate from the precursor 
molecule. The bond energy of the carbon-halogen (C–X) bonds is lower compared with the carbon-carbon 
(C–C) bonds of the molecular backbone. The difference between these two bonds allows for the selective 
dissociation of the relatively weak C–X bonds without breaking the molecular backbone. The dissociation 
energy depends on the type of halogen atoms. To this end, molecular building blocks are often 
functionalized with bromine, iodine, or a combination of the two. The different chemical nature of these 
two halogen atoms is reflected in different halogen-carbon bond strengths where iodine (C–I bond strength 
is ~57 kcal∙mol-1) requires a lower activation temperature compared with bromine (C–Br bond strength is 
~66 kcal∙mol-1) to dehalogenate from a molecular precursor on the same substrate [102]. The dissociated 
halogen can affect polymerization by “getting in the way”, or sterically hindering the long-range order of 
the final structures. Annealing samples to higher temperatures following dehalogenation can result in the 
desorption of the halogen atoms, however this thermal energy can also potentially destroy the newly 
formed networks [103].  
  
Figure 2.16. A schematic of the formation of covalently bonded networks by connecting the activated 




2) Role of the Underlaying Substrate 
In addition to the choice of halogen, the substrate also plays an important role in the Ullmann coupling 
reaction. Depending on the substrate material, different annealing temperatures are required to initiate 
dehalogenation. Björk et al. computationally studied the adsorption of both bromobenzene (C6H5Br) and 
iodobenzene (C6H5I) on the three commonly used close-packed (111) surfaces (Cu, Ag, and Au) [103]. 
Their results indicate that the Cu surface has the lowest barrier for dehalogenation, while Au has the largest. 
In addition, the catalytic activity of the substrate can depend on crystallographic orientation. Walch et al. 
[69] determined that the Br atoms of 1,3,5-tris(4-bromophenyl)benzene (TBB) split off spontaneously 
upon adsorption at RT on Ag(110), whereas only self-assembled structures of intact molecules are 
observed on Ag(111). 
Following dehalogenation, the diffusion of the molecules on the substrate also plays a vital role in the 
structural integrity of the resultant polymers. Bieri et al.[97]. studied the deposition of a hexaiodo-
substituted macrocycle, cyclohexa-m-phenylene (CHP) on three different surfaces; Cu(111), Au(111) and 
Ag(111). Dehalogenation in all cases occurs following deposition at RT. Subsequently the surfaces are 
brought to elevated temperatures to activate the polymerization step. Interestingly, the morphology of 
resultant molecular networks on the three surfaces is significantly different (Figure 2.17). On Cu(111), 
only branched low-density clusters with single-molecule-wide branches are obtained, while 2-d networks 
are formed on both Au(111) and Ag(111) surfaces, with a higher density and larger domain sizes observed 
on Ag(111).This phenomenon is due to the difference in the rates of diffusion and coupling of the CHP 
radicals on Ag and Cu and Au, which determines the structural order of the final product. On Cu(111), for 
example, the energy barrier for the diffusion of CHP radicals is significantly higher than the energy barrier 
for the formation of a covalent bond which leads to dendritic structures. In contrast, diffusion prevails 





Figure 2.17. Top panels: Overview and high-resolution STM images of polyphenylene networks 



























3.1 Experimental Techniques 
3.1.1 Ultra-high vacuum (UHV) system 
UHV conditions are necessary for our experiments for two specific reasons: first, the silicon substrate 
surface is highly reactive; and second, to permit the use of low energy electron techniques without undue 
interference from gas phase scattering. The UHV system can reduce the contamination from background 
gases by reducing the number of molecules impinging on the surface. Monolayer formation time is defined 
as the time needed to form a single layer of molecules on a surface assuming that every molecule that 
strikes the surface sticks and that the molecules distribute evenly to form a single atomic layer. 
Considering a cube of length a. The total area of the cube faces is 6a2 and the volume is a3. With a gas 
density (n) and an average velocity 〈𝑣〉, the collisions with the walls per second can be written as: 
      (𝑛𝑎3) (
〈𝑣〉
𝑎
) = 𝑛𝑎2〈𝑣〉                                                      (3-1) 





𝑛〈𝑣〉                                            (3-2) 
Using the kinetic theory of the gas, we know 𝑛 =
𝑃
𝑘𝐵𝑇
 and 〈v〉 = √
8𝑅𝑇
𝜋𝑀
 , thus equation (3-2) can be 
rewritten as: 
 𝑍 = 3.5 × 1022
𝑃
√𝑀𝑇
                                                     (3-3) 
Where P is the pressure in Torr, M is molecular weight in g/mole, and T is the temperature in Kelvin. At 




𝑍 = 3.77 × 1020𝑃                                                  (3-4) 
Assuming each nitrogen molecule occupies an area on the surface of 𝑑0
2 (where 𝑑0 = 0.372 𝑛𝑚 for 
nitrogen) then the atomic flux can be written as: 
 𝑍 ∙ 𝑑0
2 = 4.84 × 105𝑃                                                         (3-5) 
The monolayer formation time is just the inverse of the atomic flux, thus: 
  𝑇𝑚𝑙 =
1
𝑍∙𝑑0
2 = 2.1 × 10
−6/𝑃                                             (3-6) 
Therefore, at ambient temperature the monolayer formation time for air is 20,646 s (5.7 hrs) in our UHV 
system (𝑃 ∼ 10−10 𝑇𝑜𝑟𝑟). This is an acceptable value for our experiments and compares with only 2 s 
in a high vacuum system (10−6 𝑇𝑜𝑟𝑟), or 2.5 ns at atmospheric pressure (760 𝑇𝑜𝑟𝑟). 
A couple of additional factors need to be mentioned. First, even in UHV the molecular density is still 
high. In other words, there are still a lot of gas molecules present. Second, the mean free path of these gas 
molecules is much greater than the dimensions of the vacuum chamber, which means that the gas 
molecules will collide with the chamber walls and other components in the vacuum many times before 
they meet each other. 
Our UHV system contains four pumps (discussed below), a Residual Gas Analyzer (RGA), two 




an Auger Electron Spectrometer (AES) and a Scanning Tunneling Microscope (STM). A schematic of the 
vacuum system used in our experiments is shown in Figure 3.1. 
3.1.2 Vacuum Pumps 
The reduction in pressure from atmosphere (760 Torr) to UHV (below 10-10 Torr) means changing the 
pressure value by ~13-14 orders of magnitude. This requires the work of multiple pumps. In our UHV 
system, four pumps are used in combination to maintain the base pressure inside the chamber. 
A Rotary Vane Pump is used for pumping the system from atmospheric pressure down to about  
10-3 Torr. In our system, it is also employed as a backing pump for a turbomolecular pump. Figure 3.2 
shows the principle of the its operation using a schematic diagram*. Rotor and vanes divide the working 
chamber into two separate spaces having variable volumes. As the rotor turns, gas flows into the enlarging 
 
* Edwards Vacuum (www.edwardsvacuum.com) 




suction chamber until it is sealed off by the second vane. The enclosed gas is compressed until the 
discharge valve opens against atmospheric pressure.  
The turbomolecular pumps can be considered as the first level pump in our system. With a 
mechanical pump for backing, the pump is used for initial chamber pump down and to pump the fast entry 
load lock. The turbomolecular pump works on the principle of momentum transfer. High-speed rotating 
blades transfer momentum to the gas molecules, and the relative velocity between slotted rotor blades and 
slotted stator blades transports the gas molecules from inlet flange to the outlet (Figure 3.3).  
Usually turbo pumps are designed with multiple blades and multiple stages. There are two parameters 
that characterize the performance of the turbomolecular pump. The first is the maximum compression 
ratio, which is defined as the ratio of the outlet to inlet pressure with no gas flow. The second parameter 
is the maximum pumping speed, which is defined as the flow rate of gas at the inlet when the compression 
ratio across the blades is unity. The ultimate pressure for a turbomolecular pump is determined by the 
compression ratio for the light gases (usually hydrogen) and the outgassing rate of the metal parts. 
Figure 3.2. A cross-sectional view of the rotary vane pump. The 




Turbomolecular pumps work most efficiently in the molecular flow regime (below 10-4 Torr), where 
the mean free path of the molecules is limited only by the dimensions of the vacuum enclosure. This is 
the reason a mechanical pump is required for backing. The turbomolecular pump we use in our laboratory 
is a Varian Turbo-V60*, which has a compression ratio of 5 × 107 and a pumping speed of 65 L per 
second for nitrogen. The ultimate pressure for this pump is 8 × 10−10 Torr. 
 
* Varian, Inc. http://www.varianinc.com 
Figure 3.4. A schematic diagram of the 
design of an ion pump. Reproduced 
from Surface Science-An Introduction 
(K. Oura et al. 2003). 
Figure 3. 3. A schematic diagram 
of the design of a turbomolecular 
pump. Reproduced from Surface 
Science-An Introduction (K. Oura 




The Ion pump is the primary pump to maintain UHV conditions in our chamber. It starts to operate 
at about 10-3 Torr and can attain pressures of 10-11 Torr. An ion pump operates on the principle of Penning 
cold-cathode discharge [104]. The basic configuration of an ion pump (Figure 3.4) includes two plates of 
Ti (cathode) mounted close to the open ends of a collection of short stainless-steel tubes (anode), and two 
strong magnets.  
During operation, high-energy electrons emitted from the cathode elements collide with and ionize 
gas molecules which are in turn accelerated towards the cathode. Due to the presence of both electric and 
magnetic fields in each cell, the electrons travel in helical orbits, which increases the path length before 
they reach the anode. The increased path length improves the chances of electron collision with gas 
molecules inside the Penning cell. Ionized gas molecules are accelerated to the titanium cathode and many 
are buried. The ions may also sputter titanium which can produce secondary electrons. The sputtered Ti 
is in turn deposited on nearby surfaces to getter active gases. Titanium is a very reactive metal, so the 
sputtered Ti chemically combines with any active gas molecules present (e.g. CO, CO2, H2, N2, O2) to 
form stable compounds, and thus removing them from the vacuum vessel. The ion pump in our system is 
a Varian, VacIon Plus 150* with an ultimate pressure of 10-11 Torr, and a pumping speed of 150 L per 
second for nitrogen. 
In addition to the ion pump we use two getter pumps to achieve our base pressure; a titanium 
sublimation pump (TSP), and a non-evaporable getter pump (NEG). 
The Titanium sublimation pump sublimates a fresh layer of titanium onto a relatively large surface. 
As in the ion pump, the titanium layer has a high pumping speed for reactive gases, which either form a 
chemical compound or are adsorbed. The Ti layer has a finite lifetime and therefore regular deposition is 
 




required to maintain the pumping efficiency. Normally, at UHV pressures a fresh titanium film can be 
effective for several days. 
The non-evaporable getter pump we use is a Capacitorr-D400 NEG pump*. Like the TSP the NEG 
pumps by chemisorbing active gases. For the NEG this is followed by bulk diffusion. The NEG is made 
from a sintered porous material (St 172 (Zr-V-Fe) alloy). and when the getter material is saturated it can 
be reactivated by heating the material to temperatures in the range of 150 °C – 300 °C. 
In addition to the pumps mentioned, an extra step is required to attain UHV pressures. The system 
must undergo a baking step. When the vacuum system is exposed to ambient pressure, gas molecules are 
absorbed onto the walls of the vacuum chamber. When the pressure is reduced, these molecules desorb. 
The predominant gas desorbing from an unbaked system is water vapor. The ultimate pressure of the 
system represents equilibrium between the pumping speed of the system and the outgassing rate of the 
inner walls and components inside the chamber. Baking actually works to accelerate this outgassing 
process by heating the entire system. The so-called bakeout procedure is to heat the entire UHV system 
to a high temperature, typically higher than 100° Celsius, for several days so as to eliminate water vapor 
on cool down. An ultimate pressure after baking of less than 1 x 10-10 Torr is achieved in our system. 
3.1.3 Low Energy Electron Diffraction (LEED) 
Low energy electron diffraction (LEED) is one of the most widely used tools to study the geometric 
structure of both single crystal surfaces and ordered phases of adsorbate overlayers under UHV conditions 
[105, 106]. In a LEED experiment an electron beam is coherently reflected from a sample surface to form 
a diffraction pattern on a phosphor screen. In a typical diffraction pattern, we are interested in the bright 
spots produced by the constructive interference of electrons from surface atoms. The position of these 
 




bright spots provides information on the size, symmetry and rotational alignment of the 2-dimensional 
surface net of atoms on the sample surface. 
According to the de Broglie relation, the wavelength and the momentum of the electrons can be related 




                                                                      (3-7) 
Where p is the electron momentum and can be represented non-relativistically as: 
 𝑝 = 𝑚 ∙ 𝑣 = √2𝑚(𝐾𝐸) = √2𝑚(𝑒𝑉)                                         (3-8) 
Where m is the mass of the electron, v is velocity, KE is kinetic energy, e is electronic charge and V is the 





                                                         (3-9) 
A LEED instrument has a low energy electron gun that can produce electrons of kinetic energies 
ranging from 20 eV-200 eV. At these energies the mean free path for electrons is sufficiently short that 
they can only penetrate two or three atomic layers into the surface (5-10 Å) [107], and therefore the LEED 
pattern contains information on the surface atoms rather than the structure of the bulk. 
The diffraction condition can be visualized in a graphical way by means of the Ewald sphere 
construction. The Ewald sphere is a geometric construct that demonstrates the relationship between the 
wavevector of the incident and diffracted x-ray beams. Assuming a, b and c are the lattice vectors for the 
3-dimensional unit cell at the crystal surface, the corresponding reciprocal lattice vectors 𝒂∗, 𝒃∗ and 𝒄∗are 







     𝑏∗ = 2𝜋
𝑎×𝑐
𝑉
     𝑐∗ = 2𝜋
𝑎×𝑏
𝑉
     𝑉 = 𝑎 ∙ 𝑏 × 𝑐                    (3-10) 
To obtain a 2-d reciprocal lattice for a surface, let the base vector c approach infinity with the a and b 
vectors unchanged. As a result, the corresponding reciprocal lattice vector 𝒄∗ approaches 0. The discrete 
points parallel to 𝒄∗ in the reciprocal lattice will be infinitely close and appear as parallel lines, or rods, as 
shown in Figure 3.5, and the three-dimensional reciprocal lattice vector Ghkl reduces to Ghk in 2-d defined 
by:  
 𝐺ℎ𝑘 = ℎ𝑎
∗ + 𝑘𝑏∗                                                          (3-11) 
To a first approximation the LEED pattern is a Fourier transform of the real space surface lattice. We can 
define the incident wavevector of the electron as k0 and the emerging wavevectors as k. For elastic 
scattering: 
 𝑘0
2 = 𝑘2                                                               (3-12) 
We can also define the component of the wavevector parallel to the surface as 𝑘∥, and the component 
perpendicular to the surface as 𝑘⊥. So, the condition for momentum conservation in the surface plane and 
constructive interference for 2-d diffraction becomes: 
 𝑘∥ − 𝑘0




A modified version of the Ewald sphere construction for 2-d lattice is shown is Figure 3.5.  
Constructive interference and a diffracted beam occurs wherever a reciprocal lattice rod intersects the 
surface of the Ewald sphere. The diffracted pattern thus reflects the symmetry of the surface unit cell. 
For example, the deposition of a monolayer of silver atoms onto a clean Si(111) 7×7 surface held at 
600°C results in a √3×√3 R30° diffraction pattern as observed in Figure 3.6. 
Figure 3.5. The Ewald sphere within 
the 2-d reciprocal lattice. 
Figure 3. 6. (a) Si (111) √3×√3 – Ag R30 degree reconstruction in real space. a is one of the unit 
vectors for √3 – Ag layer with a length of a. Graph reproduced from Murphy et al. (2012). (b) 





A schematic diagram of the LEED (purchased from OCI Vacuum*) used in our laboratory is show in 
Figure 3.7. An incident electron beam is produced by a tungsten filament and focused by a series of 
electrostatic lenses. The first grid of the screen and the last electrode of the electron gun are at the same 
potential as the sample, so that a field-free space is created for the incident and backscattered electrons to 
travel. The backscattered electrons are collected by a series of hemispherical grids. After the first grid, the 
second and third grids produce a retarding potential to reject any inelastically scattered electrons that 
contain no diffraction information. The elastically scattered electrons pass though the retarding field and 
are then accelerated by the fourth grid to the fluorescent screen to produce the observed diffraction pattern. 




* OCI Vacuum Microengineering Inc. http://www.ocivm.com 
† Electrim Corporation http://www/electrim.com 
Figure 3.7. A LEED schematic diagram. Reproduced from Low-
Energy Electron Diffraction: Experiment, Theory and Surface 




3.1.4 Auger Electron Spectroscopy (AES) 
1) Auger Process 
Auger electron spectroscopy is an analytical technique which provides information on the elemental 
makeup of the surface. An Auger process starts with an electron being ejected by an incident electron (or 
X-ray) beam to form a vacancy in an otherwise occupied level. To fill the vacancy a second electron from 
a higher orbital will fall into this state. To conserve energy, two possible processes can take place. The 
first is radiative via the emission of an x-ray photon, and the second is nonradiative, involving two 
electrons with one of these electrons (the Auger electron) ejected from the sample carrying the excess 
energy. (see Figure 3.8) The process illustrated in Figure 3.8 is a KL2L3 transition given the three electron 
energy levels involved.  
2) Characteristic Auger Electron Energies 
The kinetic energy of the Auger electron is approximately the energy difference between the energy 
lost by the electron making the transition into the vacancy and the energy of the electron shell from which 
Figure 3.8. A schematic diagram of (a) the ejection of a K-shell electron followed by (b) and (c) a KL2L3 




the Auger electron was ejected. Let Ea, Eb and Ec be the binding energy of electrons in a, b and c levels of 
the neutral atom respectively, the kinetic energy of the Auger electron can be expressed as: 
 KE = Ea − Eb − Ec − U.   (3-15) 
Here, 𝐸𝑎 − 𝐸𝑏 is the energy lost by the relaxed electron and 𝐸𝑐 is the initial binding energy of the Auger 
electron. The U term lumps together the hole-hole interaction energy in the final state, and any screening, 
polarization and relaxation energies present [108]. From Equation (3-15), we see that the Auger electron 
has a discrete energy which is characteristic of the three energy levels involved of a specific atomic species. 
By measuring the characteristic kinetic energies of the Auger electrons we can make a spectroscopic 
identification of the element. For example, the Auger transition energy for the Si KLL transition is: 
 EKLL ≈ Ek − EL1 − EL23 (3-16) 
Due to the short mean free path of the relatively low energy Auger electrons, their mean free path in a 
solid is only a few nm and so Auger electrons can only be detected from atoms near the surface of the 
material of interest. Thus, AES is a surface sensitive technique. 
  
Figure 3.9. A schematic diagram for energy selectivity of the upper half of a 
cross section of a CMA. Reproduced from Handbook of Auger Electron 




3) Instrumentation and Spectra 
The Auger spectrometer used in our laboratory is an Omicron CMA 100*. The spectrometer includes 
an integrated electron gun with a tungsten filament to provide a 3000eV electron beam. The electron 
analyzer is a Cylindrical Mirror Analyzer (CMA). The CMA consists of two coaxial cylinders with a 
negative potential applied to the outer cylinder and ground potential applied to the inner cylinder. When 
the electron beam hits the sample, any backscattered electrons which enter the CMA cylinder will be 
repelled by the negative potential on the outer cylinder and only electrons with the selected or “pass” 
energy will exit through a second aperture in the inner cylinder to the analyzer (see Figure 3.9). During 
the scanning process, the electron current as a function of “pass” energy is recorded and Auger transitions 
are measured.  
In addition to Auger electrons, the measured electron current also includes contributions from 
secondary and backscattered electrons, and thus the signal can exhibit small, broad Auger peaks. For this 
reason, rather than plotting the number of electrons emitted as a function of the kinetic energy, N(E), it is 
more common to plot the first derivative dN(E)/dE. Figure 3.10 (b) is an example of an Auger spectrum 
 
* Omicron NanoTechnology GmbH. http://www.omicron.de 
Figure 3.10. An Auger spectrum for one monolayer of Ag on Si(111) plotted as (a) intensity vs. energy and (b) the 




plotted using dN(E)/dE.  By plotting the data in this mode, Auger transitions peaks are sharper and better 
defined. 
3.1.5 Scanning Tunneling Microscopy (STM) 
1) Introduction 
STM, invented by Binnig and Rohrer (1982) at IBM [2], was the first Scanning probe microscopy 
(SPM) technique to be developed. Since its advent, STM has become one of the most powerful laboratory 
techniques for studies in surface science, and Binnig and Rohrer were awarded the Nobel prize in 1986 
for their ground-breaking invention. STM is a surface sensitive, real-space analysis technique with a 
resolving power at the atomic level. Moreover, in addition to the topography of (semi) conducting surfaces, 
STM also provides information on the local electronic properties [108-112]. 
The operating principle: When a metal tip is brought extremely close to a (semi)conducting surface, 
i.e. within a few Ångströms, electrons can quantum mechanically tunnel from one to the other. The 
probability of tunneling is exponentially dependent on the separation. After a tunneling current is 
established, the tip must be scanned across the surface in an extremely precise manner using a crystal 
called a piezoelectric which changes its size by small amounts when an electric field is applied across it 
(Figure 3.11). In the case of a piezoelectric tube, the inner and outer surfaces of the surfaces are covered 




by metal electrodes. Applying a voltage between the inner and outer electrodes results in an 
elongation/contraction in the Z-direction. The outer electrode is also divided into four sectors to allow 
deflection in X-Y. Applying a differential voltage between opposite sectors deflects the tube in either X 
or Y. The piezo sensitivities in the X and Y directions for our instrument are 51nm/V, and the sensitivity 
in Z is 5nm/V. With this precision, even the smallest details on the surface can be reflected as a large 
change in the tunneling current. STM data are recorded and presented as STM images with the help of 
specific software on a computer (Figure 3.11).  
Tip preparation: the tip used in these experiments was an atomically sharp tungsten tip. A good tip 
is extremely crucial in our experiment since it directly determines the resolution and image quality. An 
ideal tip should terminate in a single atom. We used an electrochemical etching technique to produce the 
tip. A tungsten wire is placed into a solution of 1 molar NaOH and a negative potential is applied to a 
counter electrode (Figure 3.12). The tungsten wire etches and breaks at the air/solution interface which 
produces a ragged surface with a high probability of having a single atom at the endpoint. In fact, with a 
sharp enough tip, atomic scale resolution can be attained.  





Modes of operation: STM commonly operates in two different imaging modes: constant current mode 
and constant height mode (Figure 3.13).  
In constant-current mode, which is the most widely used mode in STM operation, the tip is scanned 
over the surface while a feedback loop controls the height of the tip to maintain a constant tunneling 
current. As the magnitude of the tunneling current is small (a few nA or pA), it is amplified by a tunneling 
current amplifier prior to entering the feedback loop. The feedback keeps monitoring the tunneling current 
and adjusting the z position of the tip with respect to the sample by changing the voltage applied to the 
piezoelectric scanner, so as to maintain a constant tunneling current value. By recording the piezoelectric 
voltage and thus the height of the tip at each location of the scan area, a topographical image with atomic 
resolution can be obtained. 
In the constant height mode the height of the tip above the surface is held constant and a record of the 
variation in the tunneling current is made. Variations depend on the topography and local electronic 
properties of surface. One major drawback of this mode is the risk of crashing the tip if the surface is not 
atomically flat.  
Figure 3.13. Schematic illustration of DTM imaging in (a) constant-current mode and (b) constant-




The STM used in our laboratory is an Omicron Micro* SPM and is controlled by RHK Technology† 
SPM 100 electronics. All the images are obtained in constant-current mode, at room temperature. 
2) Tunneling Effect 
As stated, the operation of an STM is based on quantum tunneling. In classical physics, particles with 
an energy less than a potential energy barrier are confined, however quantum mechanics predicts that if 
the mass of the object is small enough, and the barrier is thin and/or low enough, there is a finite probability 
that the electron will traverse the barrier. In one dimension, if we decribe the electron using a wave 
function, the decaying solution for the electron wave function inside a rectangular barrier with a width d 
can be expressed as: 
 Ψ(d) = Ψ(0)e−κd (3-17) 
The probablity of finding an electron beyond the barrier is 






here V is the height of the barrier and E is the energy of the electron. 
 
* Omicron NanoTechnology GmbH. http://www.omicron.de 




In the case of STM, the vacuum space between the sample and tip acts as the potential barrier between 
the two electrodes (Figure 3.14(a)). When the sample and tip are electrically connected the Fermi levels 
align and the work function difference leads to an electric field in the barrier region (Figure 3.14(b)). The 
height of the barrier can be approximated by the average work function of the sample and tip. When a 
voltage is applied across the barrier, electrons on the negative side with an energy below the Fermi level 
can tunnel into the empty states on the positive side (Figure 3.14(c)). 
It is known that the tunneling current at small bias and low temperature yields [113]:  
 I ∝ e−2κd (3-20) 
Assuming a typical work function value of  5eV, from the equation we find that at a typical tip-sample 
separation of 4 – 7Å [114], a change of 1Å in distance between two electrodes reduces the tunneling 
probability by an order of magnitude. This high sensitivity to seperation makes it possible to measure the 
tip–sample movement very precisely, i.e. at an Ångstrom level. In pratical operation, when the tip is 
scanning over the sample, a feedback controller is used to keep the tunneling current constant as the tip 
moves along the surface, thus providing a topographic map of the sample surface. 
Tersoff and Hamann [115] developed a three dimensional theory for tunneling between a surface and 
a model tip in their 1985 paper. In this paper, they treat the surface ‘exactly’ and model the tip as a 
spherical potential well. According to Bardeen [116], the tunneling current can be expressed as: 
Figure 3.14. A schematic of the potential barrier between probe and surface for vacuum tunneling. (a) When 
separated the Fermi levels for the two materials differ due to the work function difference. (b) When the two 
parts are in electrical contact the Fermi levels align. (c) A voltage is applied; the electrons can tunnel in the 







∑ f(Eμ)[1 − f(Eν + eV)]|Mμν|
2
μ,ν δ(Eμ − Ev) (3-21) 
where 𝑓(𝐸) is the Fermi function, V is the voltage applied, 𝐸𝜇 and 𝐸𝑣 are the energies of state 𝜓𝜇 and 𝜓𝜈 






∗ ) (3-22) 
where 𝜓𝜇 and 𝜓𝜈 are the single particle wavefunctions with respect to the two electrodes. The integral is 
over any surface lying entirely within the barrier separating the two sides. Though Equation (3-21) 
resembles first order perturbation theory, it is different in that 𝜓𝜇 and 𝜓𝜈 are nonorthogonal and solutions 
of different Hamiltonians. When the measurements are made at room temperature and at small voltages, 






μ,ν δ(Eμ − EF)δ(Eν − EF) (3-23) 
By treating the tip as a point probe, the tip wave funcions are arbitrarily localized and the martix element 
Mμν is proportional to the amplitude of ψν of the sample at position r0⃑⃑  ⃑ of the tip, so Equation (3-21) can 
be expressed as: 
 I ∝ ∑ |ψν(r0⃑⃑  ⃑)|
2δ(Eν − EF)ν  (3-24) 
Thus the current is proportional to the local density of states (LODS) of the sample at EF at the position 
of the tip, and thus an STM image is a contour map of constant surface LDOS. 
In order to solve Equation (3-23) in general we need to evaluate 𝑀𝜇𝜈. Tersoff and Hamann [115] expanded 
the surface wavefunction as: 
 ψν = Ωs
−1/2 ∑ aGG exp [(κ
2 + |κG⃑⃑⃑⃑ |
2)
1




Where Ω𝑠 is the sample volume, κ = ℏ
−1(2𝑚𝜙)1/2, 𝜙 is the sample work function, and κ𝐺⃑⃑⃑⃑ = 𝑘∥⃑⃑  ⃑ + 𝐺 , 
where 𝑘∥⃑⃑  ⃑  is the surface Bloch wave vector of the state and 𝐺  is a surface reciprocal-lattice vector. 
Modeling the tip as a spherical potential well, the wave function of the tip is of the form: 




κR(κ|r − r0⃑⃑  ⃑|)
−1e−κ|r⃑ −r0⃑⃑⃑⃑ | (3-26) 
where Ω𝑡 is the probe volume and κ is the same as in Equation (3-25). Using these wavefunctions Tersoff 







2κReκRψν(r0⃑⃑  ⃑) (3-27) 
Where κ is the inverse decay length of the wavefunctions in vacuum, 𝑟0⃑⃑  ⃑ is the position of the center of 
curvature of the tip. When substituting Equation (3-27) into Equation (3-23), the tunneling current yields: 
 I = 32π3ℏ−1e2Vϕ2Dt(EF)R
2κ−4e2κR × ∑ |ψν(r0⃑⃑  ⃑)|
2
v δ(Ev − EF) (3-28) 
Where 𝐷𝑡 is the density of states per unit volume of probe tip, 𝜙 is the work function and 𝐸𝐹  is the Fermi 
level. As before the tunneling current is proportional to the surface LDOS. 
3.2 Density Functional Theory (DFT) 
DFT is a widely known quantum computational technique that gives a description of the ground state 
properties of an N-atom system using electron charge density [117]. In this thesis, in order to investigate 
the dimensional differences in the unit cell between our observed cell on Si(111) √3-Ag surface and the 
cell observed on HOPG by Gatti et al. [118], DFT gas phase calculations were conducted. Usually, in self-
assembled supramolecular nanostructures, the inter-molecular interactions are expected to dominate when 
compared with the molecule-substrate interactions. Therefore, we usually ignore the substrate and 




the entire layer are computationally unfeasible, a supramolecular structure composed of six monomers 
was used to model the unit cell. Starting with an optimized free-standing unit cell, we adjusted its size by 
constraining the distance between iodine atoms in four corners, allowing all other geometric parameters 
to relax. Geometric optimizations were carried out using Gaussian 09 [119]. The three cells we examined 
in this calculation are: a 1.77 nm × 1.77 nm cell, a 2.42 nm × 1.77 nm cell and a 2.42 nm × 2.42 nm cell. 
These cells are the three closest commensurate configurations based on the dimensions of our observed 
cell (2.07 ± 0.05 nm × 1.83 ± 0.05 nm). 
All structures were optimized using the hybrid PBE1PBE functional [120] which combines exact 
Hartree-Fock (HF) exchange with Perdew-Burke-Ernzerhof (PBE) exchange, and uses the PBE 
correlation functional as formulated within generalized-gradient-approximation (GGA). A basis set is a 
set of functions used to describe the wavefunction or density. In this calculation, we used the Los Alamos 
National Laboratory Lanl2DZ basis sets [121-123], developed by Hay and Wadt. Using AIMALL [124], 
the quantum theory of atoms in molecules (QTAIM) was additionally applied with the aim of identifying 
the weak bonding interactions present in each hexamer. All calculations were performed using the orca 
cluster of SHARCNET and the graham cluster of ComputeCanada. 
3.3 Sample Preparation 
3.3.1 Si (111) √3×√3 R30°-Ag 
The Si(111) √3×√3 R30° -Ag surface is obtained by depositing one monolayer of silver onto a clean 
Si(111) 7×7 surface. The wafers we use in our experiment are n-type Si(111) wafers, miscut by 1° towards 
(112) and purchased from Sil'tronix Silicon Technologies*. The samples are mounted on a sample holder 
 




outside the UHV chamber. Gloves are used to avoid contamination. The wafer is mounted stress free 
between two Tantalum coils. The sample holder consists of two metal pieces and was designed so that 
each side is electrically isolated from the other. The sample was mounted via the coils to bridge the two 
halves of the holder and permit current to flow through the sample. The current is used to heat the sample. 
The sample is introduced into the main chamber via the fast entry load lock. 
The first step in our experiment is to obtain a Si(111) 7x7 surface. Initially the sample is degassed 
overnight at 690 °C. Since the size of each sample is different, we must find the heating currents to attain 
the required temperatures. An Ircon Ultimax Plus UX20P pyrometer* with an emissivity setting of 0.4 
consistent with Petrovykh et al. is used to determine the currents necessary to attain 850, 1060 and 1160 °C 
[125]. 
To obtain a Si(111) 7x7 surface with an evenly spaced array of single height atomic steps we use a 
procedure based on a sequence outlined by Lin et al. [126]. The samples are flashed to 1160 °C for 10s to 
diffuse residual surface carbon into the bulk. The sample is then cooled to 1060 °C within 5s and held for 
1 min, where single steps are stable. Finally, the temperature is quenched to 850°C and held for 1 minute. 
This quench to 850 °C avoids step tripling, and the 1 min anneal and slow cool down helps develop large 
7x7 domains and kink-free step edges. LEED and AES are used to ensure long-range order. 
After the Si(111) 7x7 surface is obtained, the second step is silver deposition. Silver films are 
evaporated from a Tantalum basket. The basket was degassed during the baking procedure mentioned 
previously. The √3×√3 surface can be obtained by depositing 1 ML of Ag and annealing the sample to 
600 °C. In this case one ML is defined as the areal density of unreconstructed Si atoms in the topmost 
layer of the (111) face which is 7.8 × 1014 atoms/cm2. To deposit silver, the evaporator is bought up to 
 




the evaporation temperature and preheated for 2 min to allow the flux to stabilize. Then the sample is 
exposed to the flux for the required time period. Following deposition, the sample is annealed for 2 
minutes. LEED and AES are used to check the surface structure and the Ag coverage (Figure 3.15). 
3.3.2 Single Crystals 
Au(111) and Ag(111) are the two single crystal surfaces we used in our experiments. A clean surface 
is obtained by sputtering off contaminants together with the top layers of the metal using noble gas ions 
(usually Ar+). To produce an ion beam, Ar gas is leaked into the ion gun via a leak valve. The gas atoms 
are ionized by the electrons emitted by filament. The resultant ions are accelerated toward the extractor to 
form the beam and are directed at the sample. 
Although ion sputtering is an efficient cleaning technique, one side-effect is degradation of the surface 
following bombardment. Therefore, subsequent annealing is required to restore the crystallography of the 
surface and remove Ar atoms. Usually, several sputter-anneal cycles are required to obtain a clean and 
well-ordered surface. Again, LEED and Auger are performed to ensure the quality of the surface. 
  
Figure 3.15. (a) A LEED diffraction pattern for the √3 - Ag surface, and (b) the corresponding Auger spectrum 




3.3.3 Molecular Deposition 
The last preparation step in our experiments is molecular deposition. The molecules of interest are 
placed in an Alumina crucible, which is heated by a tungsten filament. The evaporator we use in our 
laboratory is an evaporator manufactured by Tectra* . Figure 3.16 is a photograph of the molecular 
evaporator which shows the components.  
The filament is surrounded by a water-cooled copper shroud to shield the chamber from thermal 
radiation, and to limit the spread of sublimated molecules. A type C thermocouple is connected to monitor 
the temperature close to the crucible, although the true temperature of the crucible is significantly higher. 
We use the following sequence to deposit the molecules. The crucible is preheated to the desired 
temperature for molecule under study (90 °C for TBTTA, 70 °C for TIPT, 50 °C for TBTANG, all readings 
are obtained by the thermocouple). At this point the shutter is opened and the sample is exposed to the 
molecular flux. Following exposure, AES is used to determine the molecular coverage. 
  
 
* tec tra. http://www.tectra.de 
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Two-dimensional (2-d) molecular networks can be used as active layers in hybrid electronic devices. 
Hybrid devices which combine organic layers with silicon promise a wide variety of functionality 
incorporated within existing Si electronics technology. A fundamental requirement for hybrid devices is 
well-defined morphology at the interface to allow for efficient electronic coupling between materials. 
Although there are many examples of ordered organic supramolecular layers on metal surfaces, such self-
assembled structures are significantly more difficult to achieve on Si surfaces since the surfaces are 
considerably more reactive to organic molecules. For example, STM measurements indicate that 
thiophene adsorbs onto the Si(111) 7 × 7 surface via a [4 + 2] cycloaddition reaction [127]. To overcome 
this reactivity, one approach is to passivate the Si surface to allow for supramolecular ordering of 2-d 
organic films [26, 128-132]. 
Supramolecular self-assembly on surfaces is driven by molecule surface and intermolecular 
interactions. Recently, it has been demonstrated that halogen bonding can drive the self-assembly of 
organic molecules on metal surfaces [10, 69, 133-136], highly ordered pyrolytic graphite (HOPG) 
 [137-139], and on passivated silicon surfaces [131, 140]. 
Due in part to efficient electronic conjugation and chemical stability, thiophene-based oligomers have 
found particular application in organic electronics [85, 141]. For example, poly(3,4-
ethylenedioxythiophene), PEDOT, is one of the most industrially important organic conductors, and some 
thiophene-based semiconductors exhibit hole mobilities up to ~20 cm2 V−1 s−1 in organic field effect 
transistors (OFETS) [142-144]. Understanding how thiophene-based building blocks self-assemble onto 
semiconducting solids, particularly at the interface with other materials (electrodes and dielectrics) is of 




In this chapter, we use STM to study the room temperature adsorption of an organic molecule, 
tetrabromotetrathienoanthracene (TBTTA) [145] onto a passivated silicon surface. TBTTA, a thiophene 
based organic molecule with four thiophene rings at the four corners (Figure 4.1),  is known to form a 
halogen-bonded supramolecular layer on HOPG [137], and a π-conjugated 2-d polymer on the Ag(111) 
surface [146]. The suitability of the Si(111) √3-Ag surface for the growth of hybrid organic-silicon devices 
is investigated.  
4.2 Experiment 
All measurements are performed in a single UHV system with a base pressure of approximately  
2 × 10−10 Torr. The annealing sequence is based on a sample cleaning procedure outlined by Viernow et 
al. [147]. Detailed information on sample preparation, techniques used for surface quality assessment, and 
STM scanning can be found in Section 3.2. 
The √3 layer is formed by exposing the silicon surface to a net Ag coverage of 1 ML (1ML is defined 
as 7.8 × 1014 Ag atoms/cm2). The Ag is evaporated from a tantalum basket and, following deposition, the 
Figure 4.1. The molecular structure of TBTTA. Bromine atoms are indicated in red, 




sample is annealed at 580 °C for 2 min. The resultant surface yields a strong √3 diffraction pattern as 
observed in LEED. 
The TBTTA molecules are provided by collaborators and synthesized according to the procedures 
described by Brusso et al. [145]. To deposit TBTTA onto the Si(111) √3-Ag surface, the molecules are 
sublimed in-situ from an alumina crucible onto the sample held at room temperature. The molecular 
coverage is monitored using AES. The AES spectra reveal an LMM transition at 153 eV due to sulfur, 
and a carbon KLL transition at 272 eV. However, the KLL transition overlaps a silver transition (MNN) 
at 351 eV. A rough estimate of the molecular coverage is made by comparing the change in amplitude of 
the sulfur peak with respect to the silicon LMM transition at 96 eV, Figure 4.2. Bromine also exhibits an 
Auger transition at 1393 eV; however, this peak was not tracked due to the low signal strength. STM 
measurements are performed at room temperature using electrochemically etched W tips. STM images 
Figure 4.2. An Auger spectrum of a TBTTA covered Si(111) √3 × √3-Ag 
surface. The size of the sulfur LMM transition at 153 eV relative to the silicon 




are obtained using an Omicron Micro SPM* with RHK SPM100† control electronics and all images are 
taken in constant current mode at room temperature.  
4.3 Results and Discussion 
The annealed (111) surface of silicon is 7 × 7 reconstructed and the unit cell contains 19 silicon 
dangling bonds [33]. The adsorption of oligothiophenes on Si(111) surfaces has rarely been studied due 
to the fact that thiophene forms covalent bonds with Si surface atoms [127, 148]. To passivate the (111) 
surface, we adsorb 1 ML of Ag to form a √3 × √3 R30 ° reconstruction. According to the honeycomb 
chain trimer (HCT) model of the √3 reconstruction [36], one monolayer of Ag binds covalently to the Si 
surface atoms leaving no dangling bonds. An STM image of the Si(111) √3-Ag  surface is shown in  
 
* Omicron NanoTechnology GmbH. http://www.omicron.de 
† RHK Technology. http://www.rhk-tech.com 
Figure 4.3. (a) An STM image of the √3×√3-Ag surface (Vsample=−0.9 V, I=300 pA). (b) At low coverage, the 
TBTTA molecules form 1-d structures on the √3-Ag surface (Vsample =1.7 V, I = 400 pA). (c) At higher coverage 
(Vsample = 1.2 V, I = 110 pA), ordered TBTTA superstructures are formed. The image includes three√3 terraces 
separated by Si atomic steps extending vertically. The horizontal streaks (see arrow) are due to diffusing 




Figure 4.3(a). The image reveals the hexagonal √3 surface reconstruction in addition to a number of point 
defects, and a disordered region adjacent to the step edge on the lower terrace which we believe can be 
attributed to a small amount of contamination. 
The data indicates that TBTTA monomers are quite mobile on the Si(111) √3-Ag  surface at room 
temperature. We find no ordered molecular structures at low coverage, however individual molecules are 
distinguishable, as are small, predominantly chain-like islands (Figure 4.3(b)). These islands are dynamic, 
and the adsorbed molecules readily migrate and accumulate at step edges or defects in the √3-Ag structure. 
With increasing TBTTA coverage, more stable 2-d islands are formed (Figure 4.3(c)). Many of the STM 
images of surfaces with non-zero TBTTA coverage exhibit horizontal bright streaks (Figure 4.3(b) and 
(c)). This apparent ‘noise’ is attributed to diffusing molecules which remain trapped below the tip during 
scanning along the fast scan direction [149]. We also observe temporal changes in the STM scans on the 
order of minutes and can discern the attachment and detachment of TBTTA monomers at the perimeter of 
supramolecular structures into the 2-d molecular gas on the surface. The dynamic behavior indicates both 
Figure 4.4. Two images taken consecutively in the same region at higher bias. The first image (a), exhibits 
several ordered molecular islands. After several scans (b), it is apparent that some of these islands have 




a relatively weak energy for molecular attachment/detachment at the supramolecular domains, and a 
relatively high mobility for TBTTA monomers on the Si(111) √3-Ag surface. 
The supramolecular structures are also quite sensitive to changes in STM bias conditions (Figure 4.4). 
We observe that the ordered supramolecular domains can decompose when imaged under high bias 
(|Vsample | > 2 V) or low (|Vsample | < 0.7 V) conditions, even though the specific values vary depending on 
tip conditions. At high bias, we believe the increased electric field leads to the dissolution of the 
superstructures, whereas at low bias, the monomers are swept away due to physical interactions with the 
tip. We have no evidence to suggest that the high bias tunneling conditions can induce any chemical 
changes in the TBTTA monomers. For example, we did not observe the formation of metal-organic or 
covalent structures of the type seen on the Ag(111) surface following dehalogenation [146]. The bias 
dependence provides further evidence that the supramolecular domains are weakly held together.  
The ordered TBTTA domains can be defined by an oblique primitive cell with a long side of  
(1.7 ± 0.1) nm, a short side of (1.1 ± 0.1) nm, and an angle of (113 ± 2) degrees (Figure 4.5(b)). We are 
not able to obtain sub-molecular resolution in our room temperature measurements; therefore, we cannot 
experimentally determine the orientation of the TBTTA monomers within the unit cell. In the ball and 
stick model displayed in Figure 4.5(b), we have assumed a singular orientation and the specific choice 
displayed is based on DFT calculations for a free-standing TBTTA layer [137] to be discussed. The 
supramolecular domains exhibit a definite epitaxial relationship with respect to the underlying lattice: the 
long axis of unit cells are rotated by 40 ± 2 degrees with respect to one of the three high-symmetry √3 
directions. Therefore, we observe three rotational domains (highlighted in Figure 4.3(c)) consistent with 
the C3V symmetry of the substrate. The epitaxial relationship also points to the possibility of a 




a commensurate cell defined by vectors am = 3a√3 + 2b√3, and bm = − a√3 + b√3, where |a√3| = |b√3| = 0.67 











With increasing coverage, the size and stability of the supramolecular domains increases. Figure 4.5(b) 
includes a supramolecular island and bare patches exposing the underlying Si(111) √3-Ag substrate. On 
closer inspection, the structural domains often terminate or have voids when they encounter defects, 
domain boundaries, or point defects in the underlying √3-Ag layer (see arrows). It is apparent that defects 
in the √3 reconstruction can limit the extent of the supramolecular domains.  
Gutzler et al. investigated the structure of TBTTA layers at the liquid–solid interface [137]. It was 
observed that TBTTA molecules form a highly ordered 2-d network with an oblique unit cell (1.5 ± 0.1) 
nm, by (1.1 ± 0.1) nm, with an angle of 114 degrees at the highly oriented pyrolytic graphite (HOPG), 
1,2,4-trichlorobenzene interface. They also performed DFT calculations to gain insight into the 
intermolecular binding of this TBTTA layer and identified non-covalent halogen bonding between 
monomers as the primary interaction driving the self-assembly in the supramolecular layer. 
Figure 4.5. STM images of TBTTA superstructures on the √3 surface (Vsample = −1.11 V, I = 0.5 nA). The image 
in (a) reveals four TBTTA-covered √3 terraces separated by single height Si atomic steps running vertically in 
the image. The zoomed-in image (b) highlights both the unit cell and defects in the √3 structure (arrows), 




The unit cell we observe on the Si(111) √3-Ag  surface is similar to both the observed cell on HOPG, 
and the DFT optimized cell [137]. The two experimental cells agree within error, i.e. long side (1.7 ± 0.1) 
nm on Si(111) √3-Ag  versus (1.5 ± 0.1) nm on HOPG; the short side (1.1 ± 0.1) nm versus (1.1 ± 0.1) 
nm, and an angle of (113 ± 2) ° compared to 114 ° on HOPG. The similarity is striking considering the 
fact that the two underlying substrates have very different lattice vectors (0.25 nm for HOPG versus 0.67 
nm for the Si(111) √3-Ag  surface), and surface chemistry. The similarity is a strong indication that the 
size and symmetry of the TBTTA overlayer on the Si(111) √3-Ag  surface is also determined primarily 
by intermolecular interactions and that the substrate only plays a secondary role, i.e. in orienting the 
domains. Based on the similarity with HOPG, we conclude that debromination of TBTTA does not occur 
at room temperature, but rather, intact monomers form 2-d supramolecular domains on the silver 
terminated silicon surface. Indeed, we have found no experimental evidence of dehalogenation. In contrast, 
debromination of TBTTA occurs readily on the close-packed Ag(111) surfaces at room temperature [19], 
and the resultant TTA monomers form a 2-d organometallic network (TTA-Ag-TTA). 
4.4 Summary 
We find that the Si(111) √3-Ag surface provides an inert, high-mobility template for TBTTA 
adsorption. At low coverage, TBTTA monomers readily diffuse to step edges and defects in the √3-Ag 
overlayer and STM images show direct evidence of molecular diffusion at room temperature. At higher 
coverage, supramolecular structures are formed with an oblique unit cell defined by lattice vectors of  
(1.7 ± 0.1) nm and (1.0 ± 0.1) nm and an angle of 113 °. The domains exhibit a definite epitaxial 
relationship to the substrate. The long axis of the unit cell is rotated by 40 ° ± 2 ° with respect to one of 
the high-symmetry directions of the substrate. With increasing coverage, we find that the size of the 




Temporal changes and bias-dependent effects indicate that these structures are quite fragile and lack 
strong intermolecular interactions. The dimensions of the oblique unit cell we observe are similar to the 
energy minimized structure of a free-standing TBTTA layer obtained by DFT [137] and provides strong 
evidence that the monomers do not undergo debromination, remain intact, and that the dominant 
interaction within the domains is intermolecular halogen bonding. 
The Si(111) √3×√3R30°-Ag reconstruction successfully eliminates any covalent interactions between the 
silicon surface and the oligothiophene molecules. Ordered molecular domains are held together by weak 
intermolecular bonding. In fact, silver passivation of the Si(111) surface yields a surface which is less 
reactive to TBTTA monomers than the close packed Ag(111) surface [146]. These results suggest that the 
Si(111) √3-Ag surface may indeed be an ideal template to explore the molecular self-assembly of 
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It has been shown that halogen∙∙∙halogen interactions can stabilize two-dimensional (2-d) 
supramolecular networks on inert surfaces [118]. In chapter 4, we reported that the high-mobility of the 
Si(111) √3-Ag surfaces extends to the adsorption of halogenated organic molecules. As discussed in 
Chapter 2, one approach to surface confined polymerization is the adsorption of halogenated aromatic 
precursors onto an atomically flat single-crystal surface.  The surface can act to both catalyze the de-
halogenation of the aryl-halide, and also confine the subsequent polymerization reaction in two 
dimensions [18, 150, 151].  
Although a number of examples of 2-d polymerization on single crystal metal surfaces have been 
reported [15-19], very limited work has been done to explore surface confined polymerization on 
semiconducting surfaces such as silicon. As concluded in Chapter 4, the Si(111) √3-Ag  surface is weakly 
interacting, allowing halogenated organic molecules to remain mobile and interact with each other to 
create well-ordered overlayers. Well-ordered organic films have been reported on this substrate for several 
organic molecules [22-26]. An active polymer layer on a silicon surface could form the basis of a hybrid 
device which could be incorporated into existing Si electronics technology [20, 21]. 
In this chapter, we compare the adsorption of the halogenated organic molecule 2,4,6-tris(4-
iodophenyl)-1,3,5-triazine (TIPT, see Figure 5.1) onto two related surfaces, Ag(111) and the  
Si(111) √3-Ag surface. The experiments are performed in UHV using room temperature STM, to study 
the effect of the substrate on the adsorption. TIPT was chosen because it forms a high quality self-
assembled molecular network (SAMN) on both HOPG and Au(111) surfaces, and it also forms a 2-d 
polymer layer on the Cu(111) and Ag(111) surfaces which has been reported by Gianluca et al. [152]. We 




Moreover, TIPT features a triazine core which includes 3 nitrogen atoms. Triazine based compounds are 
considered effective electron-transport materials and have been used broadly in organic light-emitting 
diodes (OLEDs) [153]. 
5.2 Experiment 
All experiments are performed in a single UHV system discussed previously. Detailed information on 
sample preparation, techniques used for surface quality assessment, and STM scanning can be found in 
Section 4.2. A clean Ag(111) single crystal was prepared by repeated cycles of sputtering with Ar+ ions 
and annealing at approximately 330 ℃.  
The efficacy of this sputter-anneal cycle was verified by AES and LEED. 
TIPT deposition 
TIPT molecule are synthesized and supplied by collaborators at McGill University. To deposit the 
TIPT monomers onto the Si(111) √3-Ag and Ag(111) surfaces, the molecules are sublimed in-situ from a 
boron-nitride crucible onto samples at ambient temperature. Molecular deposition is confirmed using AES.  
Figure 5.1. The molecular structure of TIPT. Iodine atoms are indicated in purple, carbon 




For TIPT on the Si(111) √3-Ag surface, AES spectra reveal an iodine MNN transition at 519 eV, and 
a carbon KLL transition at 272 eV (Figure 5.2). The carbon transition is partially masked by a silver MNN 
transition at 351 eV. A crude indicator of molecular coverage is determined by monitoring the change in 
amplitude of the iodine peak with respect to the silicon LMM transition at 96 eV. A small nitrogen Auger 
transition at 389 eV is also observed, however this peak was not tracked due to the low signal strength.  
For TIPT on Ag(111), the MNN transition from the silver substrate is substantially stronger than the 
transition from the single layer silver on Si(111) √3-Ag, and thus the carbon peak from the TIPT molecule 
is entirely masked.  Similarly, the iodine peak is partially masked by an oxygen KLL transition at 509eV 
(Figure 5.3). Actually, the small oxygen signal exists prior to molecular deposition and we believe this 
can be attributed to sample holder.  
  
Figure 5.2. An Auger spectrum of a TIPT covered Si(111) √3 × √3-Ag surface. The size 
of the I MNN transition at 519 eV relative to the silicon transition at 96 eV was used as 




5.3 Results and Discussion 
5.3.1 Adsorption of TIPT on Ag(111) 
1) Molecular Adsorption with Substrate at RT 
The following Figures are examples of STM images of TIPT molecules deposited on the Ag(111) 
surface at different coverage, a lower coverage region (Figure 5.4, approximately 0.47ML) and a higher 
coverage region (Figure 5.5, approximately 0.94ML). In both images, open-pore networks of TIPT can be 
clearly identified. These networks are composed of polygons, predominantly hexagons and pentagons but 
also heptagons and octagons.  
As seen in Figure 5.4, on closer inspection of the TIPT network, we can clearly discern bright 
protrusions (red arrow in Figure 5.4) between adjacent TIPT monomers. These bright features are 
attributed to single silver atoms which coordinate two (and occasionally three) radicals. These 
organometallic structures consist of non-ordered dehalogenated molecules connected via Ag adatoms of 
the surface. Those structures have also been referred to as “proto-polymers” in similar systems 




 [17, 154, 155]. Other than the molecular structures, we also observed some “corrugations” in the 
background. We believe these features are due to the diffusing iodine atoms that are liberated after 
dehalogenation.  
Figure 5.5 shows that a region close to the step edge has a relatively higher TIPT coverage. We believe 
this higher coverage is due to preferred nucleation at the step edge. Free radicals are more likely to attach 
and initiate growth at step edges [99]. 
Figure 5.4. STM image Ag(111) surface with lower TIPT coverage. Both opened and closed structures 
formed by TIPT can be observed. Metallic atoms can be identified at the edge of each molecules. Single 




Despite the increased number of molecules on the surface, Figure 5.5 also indicates a high defect 
density and irregularity in the molecular connectivity in the region. In addition to the open-pore network, 
we find a large number of dimers and open structures formed on the surface (highlighted by red frames in 
Figure 5.5). 
2) Organometallic TIPT Structures on Ag(111) 
In order to gain a deeper insight into the character of the TIPT organometallic structures on Ag(111), 
a high resolution STM image of the organometallic TIPT clusters formed on Ag(111) surface is presented 
in Figure 5.6(a). This image has a scan area of 3.5 nm by 3.5 nm. At this scale, we can easily identify two 
Figure 5.5. An STM image of the Ag(111) surface with higher TIPT 





different types of features in the image. One is the bright protrusions between phenyl groups of adjacent 
molecules. A similar observation was reported by Gutzler et al. [17] for the organometallic structures of 
1,3,5-tris(4-bromophenyl)benzene (TBB) on Cu(111) at room temperature where the bright protrusions 
Figure 5.6. (a) A large scan of the organometallic structures of TIPT on Ag(111). (b) A zoomed in image of the 
organometallic structures. Silver adatoms and iodine atoms are pointed by blue and yellow dots respectively. 
(c) A region in which one silver adatom is coordinated to three radicals. Single iodine atom is also observed 






between radicals are identified as metal adatoms. In our case, we identified the bright protrusions as silver 
atoms. These silver atoms can be coordinated with two or even three radicals (see Figure 5.6(b) and (c)). 
One metal adatom coordinated to three radicals is not commonly observed according to literature 
previously reported [17]. We think the observation of one Ag adatom coordinated to three TIPT radicals 
in our system is an example of this phenomenon. 
Another set of features are the bright spots (sometimes observed as a halo) around the molecules. We 
identify these features as iodine adatoms since they appear very similar to dehalogenated adatoms seen on 
other metallic surfaces [17]. The same feature is also observed in situations where one metal atom is 
coordinated with three radical structures. In these cases the number of iodine adatoms inside the pore 
reduces from 6 to 1. Figure 5.6(b) is a zoomed-in image which provides more detail of the organometallic 
structures. A molecular model of TIPT has been overlaid to indicate a single molecule, while yellow and 
blue dots have been used to indicate halogen and metallic atoms respectively. 
3) Annealing Experiments 
The annealing experiments can be separated into two major categories: annealing below, and 
annealing above the temperatures required for polymerization.  
Annealing below the polymerization temperature leads to a more ordered molecular network 
compared with room temperature deposition. Bieri et al. [99] reported that annealing an overlayer of 
metal-coordinated dimethylmethylene-bridged triphenylamine (DTPA) on Ag(111) to a temperature of 
200 °C (below the polymerization point of 300 °C) leads to a more ordered metal-coordinated complex 
compared to room temperature deposition. We find that C–C bond formation does not occur below 125 °C. 
As can be seen in Figure 5.7, following an anneal at ~100 °C for 25 min, a more ordered structure 
characterized by the presence of almost only hexagons is observed on surface. Bright protrusions can still 




the silver atoms between the molecules confirming that C–C bond formation has not occurred. Taking a 
closer look at the bright features inside the pores, we can clearly see six bright features which is in perfect 
agreement with the number of halogen atoms we would expect from dehalogenation. Moreover, the center 
Anneal at ~100 °C for 20 min. 
(b) 
(a) 
Figure 5.7. (a) Organometallic structure at RT and (b) after annealing at ~100 °C for 20 minutes. An improved 




to center distance between two adjacent triazine cores measures 1.55 nm ± 0.1 nm which is consistent 
with the result of DFT calculations for the length of the spacing between nitrogen atoms in two adjacent 
triazines [152]. This further verified that the structure is non-covalent so far.  
Further annealing at higher temperatures was carried out in order to trigger direct C–C coupling and 
polymerization. In our experiment, we find all proto-polymers are converted to polymers by annealing at 
temperatures between 125 °C and 160 °C for at least 20 mins. The degree of order is dependent on the 
degree of order in the preceding proto-polymer. Figure 5.8 is an STM image of a Ag(111) sample with 
TIPT molecules after annealing at 160 °C for 30 minutes. The topography of this STM image is very 
different from the networks obtained after annealing at 125 °C. One obvious difference is the absence of 
the bright features between two molecules indicating a covalent coupling between the molecules without 
Figure 5.8. Covalent networks of TIPT on Ag(111) surface after post-




a silver atom. Further evidence of a transition from a proto-polymer to a 2-d polymer is the reduction in 
the size of both the lattice constant and the spacing between adjacent molecules.  
Previously the distance between two adjacent triazine cores on a room temperature network was 
determined to be 1.55 nm ± 0.1 nm, and this is reduced to 1.35 nm ± 0.1 nm after annealing. DFT 
calculations estimate an approximate reduction of 0.25 nm after the removal of the metal atom [152] 
consistent with our measurements. 
A different approach to determine the change in size of molecular networks is by measuring the center-
to-center distance between two interconnected molecules. As can be seen in Figure 5.9(a), the line-scan 
yields a distance of 2.3 nm ± 0.05 nm between the centers of the hexagons in the room temperature 
molecular network. whereas the measurement in Figure 5.9(b) yields a center-to-center spacing of 2.2 nm 
± 0.05 nm which is in perfect agreement with the DFT calculations [152]. 
(a) (b) 
Figure 5.9. Center to center distances between TIPT hexagons for (a) organometallic structure and (b) polymer are 




One more interesting observation from the STM data is that after polymerization the halogen atoms 
still remain on the surface. Figure 5.10 illustrates a high resolution STM image of the TIPT polymer. As 
discussed, the absence of the bright features between adjacent molecules indicates C–C bond formation, 
and the presence of the bright spots/halos inside the pores clearly suggests that the halogen atoms do not 
desorb at 135 °C. Previous studies have demonstrated that it is possible to desorb halogen from the surface 
following the dehalogenation of certain aryl halides by annealing at ~ 670 °C [69, 102], however it has 
been shown that TIPT molecules desorb before this temperature [152]. 
  
Figure 5.10. Detailed image of the TIPT polymer. Bright spots inside the 




5.3.2 Adsorption of TIPT on Si(111) √3×√3 R30°-Ag 
1) Molecular Adsorption with the substrate at RT 
An STM image of the Si(111) √3-Ag surface is shown in Figure 5.11. The image reveals the hexagonal 
√3-Ag surface reconstruction including a number of point defects. In Chapter 4, we have demonstrated 
that the Si(111) √3-Ag surface provides an inert, high-mobility template for the adsorption of halogenated 
organic molecules [27]. 
At low coverage our data also indicates that TIPT monomers are also quite mobile on the  
Si(111) √3-Ag surface at room temperature. Like TBTTA, as we increase the molecular coverage of TIPT, 
we observe that many of the STM images exhibit horizontal streaks in the fast scan direction (Figure 5.12).  
This apparent ‘noise’ is attributed to diffusing species which remain trapped below the tip along the 
fast scan direction. As discussed in the context of TBTTA adsorption, this phenomenon is not uncommon 
when imaging weakly bound molecular adsorbates at room temperature [149]. In the case of TIPT, rather 
Figure 5.11. STM image of the √3 × √3-Ag surface. (Vsample = -0.9 V, I = 300 pA). The 
image includes three √3 terraces separated by single height atomic steps.  The 





than being randomly dispersed about the √3-Ag terraces, we observe that the streaks tend to form “fuzzy 
lines” and furthermore, these lines are often regularly spaced with a period on the order of 4 nm. The lines 
would appear to indicate that there are regions on the surface where the diffusing species spend relatively 
more time. On further inspection, we observe that many of the lines pass through point defects on the √3 
reconstruction and suggests that while the point defects are not sufficient to pin the diffusing species, they 
can lead to an increased residence time for monomers in the vicinity.  
With a further increase in TIPT exposure, the STM images reveal the formation of ordered domains 
(Figure 5.13). The ordered TIPT domains are characterized by a parallel row structure. On closer 
inspection, the parallel rows are actually “zig-zagged” and the domains are defined by a rectangular unit 
cell containing two bright features per cell (Figure 5.14). The rectangular cell is characterized by a long 
side of 2.07 ± 0.05 nm, a short side of 1.83 ± 0.05 nm, and an angle of 90 ± 5 degrees. In addition, the zig-
zag rows are rotated from the threefold high symmetry directions of the underlying √3 reconstruction by 
Figure 5.12. An STM image of TIPT on the √3-Ag surface at low 
coverage. (Vsample = -1.22 V, I = 490 pA). The image indicates 
three terraces separated by atomic steps.  Dark spots are point 
defects in the √3-Ag reconstruction and the. “Fuzzy lines” 




approximately 13 degrees. Interestingly, at this stage, we find the fuzzy lines still exsist on the surface, 
and they also seem to follow the threefold high symmetry directions of the substrate (see Figure 5.13). 
Unfortunately, due to the still diffusing molecules, we are not able to obtain the resolution we need to 
determine the exact rotational relationship between those fuzzy lines and √3-Ag lattice, but we suspect 
that the three-fold arrangement of the fuzzy lines is driven by the weak interaction with the underlying √3 
substrate. 
Gatti et al. investigated the adsorption of TIPT molecules at the trichlorobenzene (TCB)-HOPG 
interface. They found that TIPT forms a SAMN defined by a unit cell of 2.04 ± 0.09 nm, by  
1.54 ± 0.09 nm, and an angle of 90° ± 5°. To gain further insight into the layer these authors also performed 
DFT calculations on a free standing 2-d TIPT layer. They found an energy minimized structure 
characterized by a rectangular two monomer cell held together by I···H hydrogen-bond like contacts with 
dimensions of 2.41 nm, by 1.38 nm and an angle of 91 degrees. 
Figure 5.13. STM image of the √3-Ag surface with higher 
molecular coverage. (Vsample = -1.42 V, I = 500 pA). In 





The unit cell we observe on the Si(111) √3-Ag surface is similar in geometry to both the experimental 
cell observed on HOPG and the DFT optimized cell [118]. The long dimension agrees within error i.e. 
2.07 ± 0.05 nm on the Si(111) √3-Ag verses 2.04 ± 0.09 nm on HOPG, however the short side we observe 
is significantly expanded, 1.83 ± 0.05 nm verses 1.54 ± 0.09 nm. The mobility of the monomers at low 
coverage is strong indication that the domains we observe on the Si(111) √3-Ag surface are domains of 
intact TIPT monomers. We believe the difference in the short dimension of our unit cell is due to the 
presence of the Si(111) √3-Ag  substrate. Thus, DFT calculations are performed to investigate the origin 
of this difference which will be discussed later.  
The fact that the TIPT monomers remain intact on the Si(111) √3-Ag surface rather than de-iodinate 
is rather surprising. The de-iodination of alkyl-halides on Ag single crystal metal surfaces is known to 
take place spontaneously at room temperature [97, 154-156]. Indeed, as just presented in Section 5.3.1, 
TIPT de–iodinates at room temperature on Ag(111) and on Cu(111) [152]. In other words, it appears that 
Figure 5.14. STM image of a TIPT supramolecular domain on 
the √3-Ag surface (Vsample = -1.30 V, I = 300 pA). The unit 
cell is highlighted and a proposed two monomer per cell is 




the monolayer of silver atoms at the Si(111) √3-Ag surface is initially less reactive to aryl-halides than the 
metal. We observed similar behavior with TBTTA which de-brominates readily on Ag(111) [19], however 
we found no evidence of any significant de-halogenation on the Si(111) √3-Ag surface at room 
temperature [27]. 
As the coverage is increased we observe that the extent of the supramolecular domains is often limited 
by defects in the Si(111) √3-Ag surface. Domains often terminate or have voids where they encounter 
point defects or domain boundaries in the underlying √3-Ag layer (Figure 5.15). In fact, when the initial 
density of point defects in the Si(111) √3-Ag exceeds approximately 5 × 1016 m-2 prior to molecular 
deposition, no ordered domains are observed. The defect density in the √3 reconstruction is extremely 
sensitive to the annealing temperature following Ag deposition. Annealing temperatures above 580 ºC 
leads to higher defect densities. The exact nature of this temperature dependence is currently under study. 
Figure 5.15. STM image of a supramolecular TIPT domain 
(Vsample = -1.42 V, I = 490 pA). The domain contains extra 
spots between the rows (circles). The extent of the 
domain   appears limited by defects in the √3 




On closer inspection, the supramolecular domains also exhibit extra, or “interstitial” bright spots 
located between the zig-zag rows (indicated by black circles in Figure 5.15). These interstitial defects are 
not observed on the HOPG surface, however the spacing between the rows on the Si(111) √3-Ag surface 
is considerably larger (1.8 nm verses 1.5 nm). We do not believe that the additional space is sufficient to 
accommodate an additional TIPT molecule, and that it is more likely to be either a silver or iodine adatom. 
While the mobility of the molecules at low coverage and the formation of ordered supramolecular domains 
suggests that the majority of TIPT monomers are intact, some TIPT molecules may de-halogenate and the 
interstitial features we observe may be the resultant iodine atoms. Evidence for a small amount of room 
temperature dehalogenation will be presented later on in this chapter. 
Increasing the TIPT coverage further (Figure 5.16), results in a surface which is a mix of 
supramolecular domains separated by disordered regions.  Figure 5.16 shows evidence of diffusing 
molecules (fuzzy lines), however most of the molecules are stationary. It appears the additional coverage 
Figure 5.16. STM image revealing several one atomic layer high √3-Ag 
islands dispersed on a √3-Ag terrace (Vsample = -1.5V, It = 0.5 nA).  On 
both the islands and the terraces the supramolecular domains are 




acts to restrict diffusion and “freeze” the molecules in place. Although the number of ordered domains 
does increase with coverage, the size of each domain rarely exceeds the typical sizes observed at lower 
coverage. We believe this is due to the fact that point defects in the Si(111) √3-Ag reconstruction 
ultimately restrict the extent of the domains. 
2) DFT results and discussion 
As mentioned in the previous section, the unit cell we observe on the Si(111) √3-Ag surface is similar 
in geometry to both the experimental cell observed on HOPG, and the DFT optimized cell. The long 
dimension agrees within error (2.07 ± 0.05 nm on the Si(111) √3-Ag versus 2.04 ± 0.09 nm on HOPG), 
but the short side we observe is significantly expanded (1.83 ± 0.05 nm versus 1.54 ± 0.09 nm). The 
mobility of the monomers at low coverage is a strong indication that the domains we observe on the  
Si(111) √3-Ag surface are supramolecular domains of intact TIPT monomers. We suspect the difference 
in the short dimension of our unit cell is due to the presence of the Si(111) √3-Ag  substrate and our 
hypothesis is that the observed cell is a commensurate overlayer. 
Figure 5.17. Three possible commensurate configurations with dimensions (a) 1.7723 nm × 1.7723 nm, (b) 2.4152 




Based on this hypothesis, three commensurate configurations are examined using a six-monomer 
supramolecular model (see Figure 5.17). Figure 5.17(a) represents a cell commensurate with the √3 lattice 











Figure 5.17(b) represents the commensurate cell closest to our observed cell. The dimensions of this cell 











The last cell shown in Figure 5.17(c) corresponds to a possible commensurate cell larger than our observed 











Figure 5. 18. A molecular graph showing all bonding interactions for the 




Based on these three possible commensurate configurations, we performed DFT calculations. Results 
and discussions are presented as follows. For the 1.7723 nm × 1.7723 nm cell, the result of the QTAIM 
calculations indicates that all interactions between the molecules are non-covalent. The molecular 
structure is mainly driven by the I···I···H triangular binding motifs formed by halogen type bonds (I···I) 
and hydrogen type bonds (H···I). Another hydrogen type bonding (H···H) is also observed in this cell 
which can be attributed to the tight intermolecular spacing (Figure 5.18). Geometrically, due to the 
compact intra-row and inter-row spacing, we see obvious signs of molecular interpenetration which is not 
consistent with our experimental observations. In addition, this configuration is the least stable and has a 
large core-core repulsion energy. Thus, we consider the 1.77 nm × 1.77 nm cell to be a poor representation 
of our observed cell.  
For the second commensurate configuration, we define a cell with a dimension of 2.42 nm × 1.77 nm. 
This cell is closest to our observed cell both in dimension and geometry. Similar to the  
1.77 nm × 1.77 nm cell, QTAIM results indicate that the cell is held together primarily by I···I, H···I and 
Figure 5.19. A molecular graphing showing all bonding interactions for a 2.42 nm × 




H···H interactions (Figure 5.19). However, the geometry changes considerably compared with the  
1.77 nm × 1.77 nm cell. We find the rows are well defined and the inter-row interactions are very weak. 
We find the structure has a low relative energy and a lower core-core repulsion energy. It is evident that 
this configuration is much more stable compared with the 1.77 nm × 1.77 nm cell and the geometry of the 
resultant cell is also consistent to our observed cell.  
In the last commensurate configuration we considered, we expanded the inter-row spacing even more 
to make a cell with dimensions of 2.42 nm × 2.42 nm (Figure 5.20). Understandably, due to the larger 
spacing, we find no appreciable inter-row bonding interactions. However, the structure along the row is 
still well defined and exhibits the same bonding interactions. The relative energy change and repulsion 
energy indicates that this structure is the most stable configuration among the three, but is only slightly 
more stable than the 2.42 nm × 1.77 nm cell. We can attribute relative stability to a lower nuclear repulsion 
due the larger inter-row spacing. The annihilation of inter-row interactions and a well-defined geometry 
along the row reveals that the row structure can be stabilized solely via intra-row interactions. 
Figure 5. 20. A molecular graphing showing all bonding 




Table 5.1 shows the relative computed energies and the nuclear-nuclear repulsion energies for the three 
possible commensurate configurations. When we compare the two configurations with well defined row 
structures (both cells with 2.42 nm intra-row spacing), the change in the inter-row spacing from 1.77 nm 
to 2.42 nm leads only to a 0.2 kcal∙mol-1 difference in ΔE and reveals a very flat potential energy curve 
between the two spacings thus a very weak inter-row interaction. Moreover, considering the fact that the 
molecular structures are formed at room temperature, we can convert 0.2 kcal∙mol-1 to 71.35% Boltzmann 
population ratio at 298 K. Thus, we find the Boltzmann average inter-row spacing to be 1.956 nm which 
is very close to experimental observed value (1.83 nm). 
To sum up, the results from the DFT calculations suggest that intra-row interactions are the major 
force in determining the structure of the cell while inter-row interactions are minor. Combining this with 
our experimental observations, clearly the expansion in the inter-row spacing is a result of the 
commensurate driving force of the substrate. From previous experiment discussed in Chapter 4, we 
learned that the Si(111) √3-Ag substrate can have a non-negligible effect on the arrangement of the 
overlayer molecular structures. Due to the relative strong intra-row interactions, the arrangement of the 
row structures is similar to the overlayers observed on both the HOPG, and Au surfaces [152]. However, 
the inter-row interactions are very weak (confirmed by a flat potential energy curve between the two larger 
cells), allowing the inter-row spacing to expand and adapt to a commensurate conformation with the 
Si(111) √3-Ag substrate. 
Table 5.1 PBE1PBE/LANL2DZ relative energy of each configuration and associated nuclear-
nuclear repulsion energy (ENN).  
 
 1.77nm×1.77nm 2.42nm×1.77nm 2.42nm×2.42nm 
ΔE (kcal∙mol-1) 18.2 0.2 0 




In conclusion, DFT calculations validate our hypothesis that the expansion in the inter-row spacing of 
the observed unit cell is due the periodicity of the underlying √3-Ag substrate. 
3) Annealing Experiments 
Since most TIPT molecules remain intact on Si(111) √3-Ag surface at RT, we attempted to activate a 
dehalogenation reaction by annealing the samples. In our annealing experiments, TIPT molecules are 
deposited onto a Si(111) √3-Ag surface kept at room temperature. Following deposition, then samples are 
heated to elevated temperatures as desired. Unfortunately, even a gentle anneal to ~125 °C for 120 mins 
leads to a disordered surface. As evident in Figure 5.21, only a very small portion of the ordered structures 
survives after annealing (white arrows in Figure 5.21). In general, we found it extremely hard to obtain 
useful information using STM after annealing. It indicates that while annealing the samples may activate 
dehalogenation, the liberated iodine atoms interact with and break apart the underlying √3-Ag layer. The 
Figure 5.21. A STM image of the surface after annealing at 
~100 °C. Only very small portion of ordered structures survived 




degradation in Si(111) √3-Ag substrate results in a surface with high defect density and a highly disordered 
surface. 
4) Effect of Deposition on Si(111) √3×√3R30°-Ag Substrate 
In order to clarify how the deposition of molecules, and post-deposition annealing affects the substrate, 
we compared STM images obtained from the same surface at different stages. Figure 5.22(a) displays a 
bare Si(111) √3-Ag prior to molecular deposition. We can see large well defined Si(111) √3-Ag terraces 
with relatively few point defects. Figure 5.22(b) is the same surface after molecular deposition at room 
temperature. At this point, although some large TIPT supramolecular domains are observed, there is also 
an increase in the number of point defects in the √3-Ag layer. We attribute this increase to a limited 
number of molecules that dehalogenate upon deposition. We believe the liberated iodine atoms 
subsequently interact destructively with the substrate. In fact after annealing, as shown in Figure 5.22(c), 
we observed no ordered domains and a highly defective surface is produced. Another noticable change in 
the STM images is the absense of the horizontal streaks and the √3-Ag layer is better resolved after 
annealing. This is due to the further dehalogenation of the molecules observed to diffuse on a RT surface. 





In this chapter, the interaction between the halogenated molecule, TIPT with both the Ag(111) and 
Si(111) √3-Ag surfaces have been studied using room temperature STM. On the Ag(111) surface, TIPT 
molecules dehalogenate spontaneously upon deposition at room temperature and form organometallic 
After molecular 
deposition at RT 
After annealing at 
140 °C for 120 mins 
Figure 5.22. Three STM images taken from same sample with conditions (a) bare √3-Ag/Si(111), (b) after molecular 







structures with two (and sometimes three) molecules binding to one silver atom. This proto-polymer forms 
pentagonal, hexagonal, heptagonal, and other polygonal motifs with a low degree of order. Our data 
indicates that the Iodine atoms still remain on the surface following dehalogenation and often show up as 
bright spots/halos inside the polygonal motifs. Gentle annealing at ~ 100 °C leads to a more ordered 
molecular network characterized almost exclusively by hexagons.  
Further annealing at ~135 °C leads to covalent C–C bond formation and polymerization. 
Polymerization is confirmed by the absence of bright features between adjacent molecules. Moreover, the 
reduced size of both the lattice constant (from 2.35 nm ± 0.05 nm to 2.25 nm ± 0.05 nm) and the spacing 
between adjacent molecules (1.55 nm ± 0.1 nm to 1.35 nm ± 0.1 nm) is another important indication of 
the transition from proto-polymer to a 2-d polymer.  
We also studied the deposition of TIPT molecules onto the Si(111) √3-Ag surface. In contrast to 
Ag(111), we find that the Si(111) √3-Ag surface provides an inert, high-mobility template for TIPT 
adsorption at room temperature.  TIPT monomers remain largely intact and readily diffuse to step edges 
and defects in the √3-Ag overlayer.  At low coverage, most images display regularly spaced “fuzzy lines” 
which indicate molecular diffusion at room temperature.  At higher coverage, supramolecular domains are 
formed and defined by a two-monomer rectangular unit cell of 2.07 ± 0.05 nm by 1.83 ± 0.0 nm.  The 
geometry of the cell is similar to an energy optimized structure of a 2-d free-standing TIPT layer 
determined by DFT. The long side of our cell is almost identical to free standing cell while the short side 
differs considerably. The similarities in geometry support the idea that de-halogenation does not occur on 
the Si(111) √3-Ag surface at room temperature and that the supramolecular domains are characterized by 
intact monomers held together by I···H hydrogen-like bonding. 
The formation of supramolecular domains on the silicon surface is very sensitive to the quality of the 




in fact no ordered structures are observed on surfaces with defect densities in excess of 5 × 1016 m-2.  With 
increasing coverage, the surface consists of ordered supramolecular domains separated by regions of 
disorder.  While the number of domains increases with coverage, the size of domains remains is limited 
by defects in the Si(111) √3-Ag reconstruction. 
Annealing sample does not lead to a more ordered network.  On the contrary, even after gentle 
annealing at 100 °C the surface shows obvious sign of degradation. Only a very small portion of the 
ordered structures survive with most of the surface being disordered. Further annealing at 140 °C leads to 
a more defective surface with no ordered structures. We believe that an increasing number of molecules 
dehalogenate and the liberated iodine atoms interact destructively with the substrate, leading to a highly 
defective surface. 
The contrasting behaviour on the Si(111) √3-Ag and Ag(111) surfaces is striking. We believe this 
contrast may be due to the absence of silver adatoms on Si(111) √3-Ag. The dehalogenation process 
requires the insertion of a silver atom in-between the molecular species (organometallic intermediate). 
This metal atom can either be an adatom on the surface or an atom from the outermost layer. On Ag(111), 
at or above room temperature, there are plenty of adatoms on the surface that can participate in 
dehalogenation. In contrast, the only sliver atoms available on the Si(111) √3-Ag surface are the Ag 
trimers which are an integral part of the reconstruction. As a result, in order to undergo dehalogenation, 

















Adsorption of TBTANG on  











In this chapter, we investigate the adsorption of a halogenated molecule with threefold symmetry, 
2,6,10-tribromo-4,8,12-trioxa-3a2-azadibenzo[cd,mn]pyrene (TBTANG, see Figure 6.1) onto the Au(111) 
and Si(111) √3-Ag  surfaces. 
For the adsorption of TBTANG on Au(111) surface, we reproduce the unpublished self-assembly 
results reported by F. DeMarchi and G. Galeotti et al. [157] on a room temperature sample. Their results 
indicate that deposition of TBTANG onto the Au(111) surface, held at room temperature, yields extended 
domains of a SAMN consisting of intact TBTANG molecules, which follow the herringbone 
reconstruction of the substrate. We are also able to reproduce their one-step polymerization experiment 
which results in a complete TBTANG polymer with high degree of order on Au(111) surface [158]. 
As discussed in the previous two chapters, we have demonstrated that the Si(111) √3-Ag surface can 
provide a relatively inert template with sufficient mobility for the diffusion of halogenated molecules. 
Given this knowledge, our primary focus with TBTANG is to investigate the adsorption on the Si(111) 
Figure 6.1. The molecular structure of TIPT. Bromine atoms are indicated in brown 
red, carbon atoms in grey, nitrogen atoms in blue, oxygen atoms in candy red and 




√3-Ag surface and compare the results with those on the Au(111) surface in order to understand both the 
similarities, and differences between these two very different substrates. 
In this work, we explore the interaction of an oxygen-bridged tribromo-substituted triphenylamine 
molecule, TBTANG, with both the Si(111) √3-Ag and Au(111) surfaces using STM. The TBTANG 
molecules are thermally sublimed onto the two substrates under UHV conditions.  The results demonstrate 
the important role of the substrate in the molecular patterning of the resultant SAMN. One of the primary 
reasons we chose to work with TBTANG is that, compared with other triphenylamine systems, the oxygen 
bridging helps planarize the molecule and leads to improved self-assembly [157]. Moreover, TBTANG 
contains heteroatoms, i.e. three oxygen and one nitrogen atom. This is particularly attractive since 
heteroatoms within the supramolecular layer allow for a high level of tunability. Using molecular layers 
which incorporate different functional groups and heteroatoms into the matrix will be an interesting topic 
in the field of surface science. 
6.2 Experiment 
All experiments are performed in a single UHV system discussed previously.  Detailed information 
on the Si(111) √3-Ag sample preparation, techniques used for surface quality assessment, and STM 
scanning can be found in Section 4.2. The Au sample is cleaned by sputter-anneal cycles very similar to 
the Ag preparation procedure discussed in Section 5.2. The major difference is that the annealing 
temperature of the gold is 270 °C, which is lower than the value for silver (330 °C). 
TBTANG deposition 
To deposit the TBTANG monomers onto the Si(111) √3-Ag and Au(111) surfaces, the molecules are 
sublimed in-situ from a boron-nitride crucible onto the samples. Molecular deposition is confirmed using 




272 eV which indicates successful molecular deposition (see Figure 6.2). As was the case with TBTTA 
and TIPT, the carbon transition is partially masked by a silver MNN transition at 351 eV. The other two 
elements which in principle could be tracked are bromine and oxygen. Unfortunately, the bromine LMM 
transition (at 1393 eV) was not tracked due to the low signal strength. The oxygen KLL transition (at 508 
eV) is stronger than bromine but with a broad profile. Thus, in this experiment the change in amplitude of 
oxygen peak with respect to the silicon LMM transition at 96 eV is used as a crude indicator of molecular 
coverage. A small nitrogen Auger transition at 389 eV is also observed, however this peak was not tracked 
due to the low signal strength. 
Figure 6.2. An Auger spectrum of a TBTANG covered Si(111) √3 × √3-Ag surface. The 
size of the I MNN transition at 519 eV relative to the silicon transition at 96 eV was 




On the Au(111) surface, the carbon KLL transition at 272 eV is partially masked once again by one 
of the gold transitions (NNV at 252 eV), therefore we used the change in amplitude of oxygen peak with 
respect to the gold OVV transition at 69 eV as an estimate of molecular coverage (see Figure 6.3). 
6.3 Results and Discussion 
6.3.1 Adsorption of TBTANG on Au(111) 
1) Molecular Adsorption with the Substrate at RT 
Dosing TBTANG onto Au(111) held at room temperature yields a self-assembled molecular network 
consisting of intact molecules, with extended domains that follow the herringbone structure of the 
substrate. Figure 6.4 is an STM image with a scan area of 36 nm × 36 nm. In this image, triangular features 
corresponding to intact TBTANG molecules are easily identified. STM line profiles (not shown) reveal a 




1 nm separation between two Br atoms in each corner of the molecule, in agreement with a 1.03 nm 
distance suggested by DFT [157].  
On closer inspection, we find that the repeating motif is a pair of three-spoke molecules, rotated by 
180° with respect to each other (Figure 6.5). The results are consistent with the unpublished results of 
DeMarchi and Gianluca et al. where it was determined that the molecules interact via non-covalent 
halogen-halogen interactions [157], with a Br···Br distance of 0.39 nm. The unit cell for this molecular 
structure is an oblique cell with a long 1.9 nm side and a short 1.5 nm side, consistent with DFT 
calculations based on a free-standing layer [157]. For further details regarding the properties of the 
TBTANG SAMN on Au the reader is directed to DeMarchi and Gianluca et al. [157]. 
  
Figure 6.4. Self-assembly of TBATBG on Au(111) at RT. Insert is a 




2) Molecular Adsorption on a Hot Surface 
The direct polymerization of TBTANG molecules on Au(111) was studied by depositing the 
monomers onto a surface held at a temperature above the debromination threshold (130 °C). Upon 
adsorption, bromine atoms are readily decoupled, resulting in surface-confined triradicals that 
subsequently undergo polymerization.  
As shown in Figure 6.6, dosing TBTANG onto a hot Au(111) surface results in a complete polymeric 
monolayer. The polymer can be characterized by large honeycomb domains. Such a network is obtained 
by depositing TBTANG molecules to an Au(111) surface kept at 130 °C.  The extent and the quality of 
the resultant polymeric layer exceeds any surface-confined layer reported in the literature to date [158].  
Figure 6.5. A detailed STM image of the RT structure 




By analyzing the pore-to-pore distance, we can determine the type of binding between the molecules. 
In Figure 6.7, the center-to-center spacing between the pores extracted from the STM images gives a 
length of 1.69 ± 0.05 nm, which in agreement with the simulated spacing from DFT calculations [158]. 
Figure 6.7. A detailed image of the TBTANG polymer. 
Blue line indicates measurement across four 
hexagons. 





This confirms C–C coupling and the polymeric character of the overlayer formed by TBTANG. Detailed 
properties of the polymeric layer are discussed in a forthcoming paper by DeMarchi and Galeotti et al. 
[158]. 
6.3.2 Adsorption of TBTANG onto the Si(111) √3×√3R30°-Ag Surface 
1) Molecular adsorption with Substrate at RT 
Surface with one-monolayer of molecules 
When 1ML of TBTANG molecules are deposited onto the Si(111) √3-Ag substrate, the molecules 
self-assemble and extend over the entire surface (Figure 6.8). A number of fuzzy white features are 
observed indicating weakly bound second layer molecules. Defects due to point defects and domain 
boundaries in the underlying Si(111) √3-Ag substrate are still observed (white arrows in Figure 6.8). 
Unlike the adsorption of TBTTA and TIPT molecules onto the Si(111) √3-Ag surface discussed in 
Chapters 4 and 5, where we found that the self-assembly of molecules is extremely sensitive to the degree 
Figure 6.8. STM image of √3-Ag surface covered by one 
complete layer of TBTANG (Vsample = -1.13 V, I = 1000 pA). 
Defects due to a domain boundary and point defects in 




of perfection of the substrate, this does not appear to be the case for TBTANG.  In the case of TBTTA 
and TIPT, the size of the domains is often limited by the number of point defects and domain boundaries 
in the Si(111) √3-Ag  substrate. In contrast, we find that although defects in the √3-Ag layer do affect the 
integrity of the domains, they do not limit their extent. 
On closer inspection, the ordered structure is characterized by parallel rows of intact TBTANG 
molecules. Within the rows the repeating motif is a pair of three-spoke molecules, rotated by 180° with 
respect to each other. The molecules are close-packed with the end-groups of one molecule lying adjacent 
the end-groups of the adjacent molecules (see insert in Figure 6.8). 
The geometry of the unit cell we observe for the 1ML of TBTANG on Si(111) √3-Ag surface is, 
|𝑎 | = 19.1 ± 0.5 Å, |?⃑? | = 15.3 ± 0.5 Å and γ = 60° ± 2° (Figure 6.9). Note, the grey dots in this figure 
are just a representation of the √3 lattice. We are not assigning them to any particular feature in the  
√3-Ag layer since we do not have images to determine the exact registry between the molecular overlayer 
and the √3-Ag substrate. The size and symmetry of the unit cell is identical to the cell observed on the 
Figure 6.9. 10Å × 10Å STM image of self-assembly structure 
observed for TBTANG on √3-Ag (Vsample = -0.84 V, I = 384 pA). The 




Au(111) surface and suggests that the unit cell on Si(111) √3-Ag is determined primarily by intermolecular 
interactions and that the structure of the overlayer is relatively independent of the substrate. 
Sub-monolayer coverage 
Figure 6.10 shows an STM image of the surface with a molecular coverage of approximately 0.9 ML. 
As with a complete layer, large self-assembled domains of intact molecules extend over the entire surface.  
That said, some ‘gaps’ (black arrows) are present between molecular rows. On closer inspection, we find 
that the size of the gaps is not random, and we believe the variation is due to a misfit between the row 
spacing of the overlayer and periodicity of underlying √3-Ag lattice. As can been seen in Figure 6.9, for 
a complete layer two rows of molecules correspond to the spacing between five rows of √3-Ag lattice, 
thus every second row is commensurate with the substrate. At sub-monolayer coverage, depending on 
how the molecular domains start or terminate, the spacing difference between the √3-Ag spacing and the 
molecular rows can lead to misfit dislocations and thus “gaps”. 
Figure 6.10. STM image of ~0.9ML of TBTANG on √3-Ag 
surface (V = -1.24 V, I = 487 pA). The ‘gaps’ between the 




For instance, if two domains are separated by a single √3-Ag row this yields a gap of ~ 0.58 nm. The 
lower gap in Figure 6.11 is an example of this scenario. Another possibility exists if two domains meet 
and neither of the end rows have a commensurate relationship with substrate.  In this instance a gap  
of ~ 0.68 nm results (see upper gap in Figure 6.11). Note, we are not able to determine the relative position 
of the molecules with respect to the underlying √3-Ag lattice. Experimental measurements of the gap size 
from all available data can be grouped into ether a “short gap” with a range of 0.59 nm ≤  dgap ≤ 0.64 nm, 
or a “long gap” in the range of 0.66 nm ≤  dgap ≤ 0.71 nm. Note that the size of the gaps is consistent with 
two misfit dislocations discussed above. 
This phenomenon indicates that while the self-assembly of molecules is dominated by the inter-
molecular interaction at complete coverage, when the molecular coverage is decreased, the overlayer 
exhibit features (gaps) which have a definite commensurate relation with the underlying substrate. 
  
Figure 6.11. A zoomed-in image of the gaps (Vsample = -1.13 V, I = 560 
pA). The upper gap corresponding to a “long gap” with a width of 
6.7Å. Lower gap corresponding to an “short gap” with a width of 
5.8Å. Extension part of the image shows the proposed molecular 




Lower coverage surface 
Figure 6.12 shows an image with a coverage of ~ 0.7 ML. The size of the domains decreases and more 
empty regions in addition to gaps are observed between the domains. At this coverage, the molecular 
structures are still quite stable and survive repeated scanning.  
At still lower coverage (0.3 ML), only a mixture of one and two molecular row structures of TBTANG 
are observed (Figure 6.13). At this stage, the supramolecular structures are not as robust. With repeated 
scanning we observe single molecules attaching or detaching from the chains.  The attachment/detachment 
of monomers indicates a relatively weak molecule-molecule interaction. We ascribe the additional 
corrugations/rows to diffusing molecules. From STM images (see yellow lines in Figure 6.13), we find 
the molecular rows are observed in three rotational domains consistent with the C3v symmetry of the 
underlying substrate.  
We find that both the intra-row spacing along the rows and inter-row spacing between the rows differs 
somewhat from what was measured on a complete layer. The dimensions of the intra-row and inter-row 
Figure 6.12. TBTANG overlayer at ~0.7 ML coverage shows 
decreased domain size and more empty space between the 




spacing are highlighted in the low coverage STM image (Figure 6.14) and found to be |𝑎 | = 17.4 ± 0.5 Å 
and |?⃑? | = 12.8 ± 0.5 Å.  Both dimensions are more compressed in comparison with the unit cell observed 
on the complete layer. The reduction is assumed to be due to a reduction in the number of nearest neighbor 
molecules at low coverage. In a complete layer each molecule interacts with six nearest neighbors while 
the number drops to four when the structure only contains two rows. 
By comparing the STM images obtained from surfaces with different molecular coverages, we can 
make some interesting observations. On surfaces with a coverage of < 1ML, we find that the substrate has 
a templating effect on the resultant supramolecular structure. Considering our experience with the 
adsorption of TBTTA and TIPT (Chapters 4 and 5 respectively), it is not surprising that the  
Si(111) √3-Ag substrate can affect the molecular arrangement of the overlayer. However, in these previous 
studies, defects in the Si(111) √3-Ag substrate limited the size of the supramolecular domains. In the case 
Figure 6. 13. Image of the self-assembled structures on√3-
Ag at 0.3ML coverage. Only 1-d and 2-d rows are observed 




of TBTANG, this did not seem to be the case.  Both the size and the symmetry of the unit cell are identical 
to that observed on Au(111) and DFT calculations of a free standing layer [157]. This indicates that the 
molecular arrangement of TBTANG on the Si(111) √3-Ag surface at one monolayer is primarily 
determined by the inter-molecular forces. The substrate acts as an inert template to support the self-
assembly and has a negligible effect on the layer structure.  
2) Effect of Annealing 
As discussed, similar to the behavior on Au(111) surface, TBTANG molecules stay intact on the 
Si(111) √3-Ag surface at room temperature. Therefore, additional thermal energy is needed to activate 
dehalogenation. Preliminary post-deposition annealing experiments are discussed below. 
  
Figure 6.14. A detailed image of a low coverage surface. Intra-




Annealing at ~90 °C 
We have investigated the structure of the molecular overlayer following annealing to ~90 °C. The 
molecular overlayer on much of the terraces appears to remain unaffected. However, disordered regions 
appear at the lower part of the atomic steps (Figure 6.15). As we know step-edges can provide active sites 
[159, 160] which can trigger many catalytic processes [161, 162]. In our case, we identify the step-edges 
as active sites which promote the dissociation of the C–Br bond in the TBTANG molecules adjacent to 
the step-edges first. The liberated bromine atoms appear to interact destructively with the substrate, 
leading to a defective substrate starting from step-edges which then spreads to the terraces as observed. 
Anneal at ~100 °C 
Following further annealing to ~100 °C, the extent of these disordered regions continues to expand 
(Figure 6.15). We believe that at this temperature, a larger fraction of the TBTANG molecules 
Figure 6. 15. Surface after annealing at 90°C for 30 
minutes (Vsample = -1.16 V, I = 740 pA). Accumulation of 
the molecules started by the lower part of the step 




dehalogenate. As we observed with TIPT (Chapter 5), the free halogen atoms on the surface can then react 
with the silver atoms in the substrate and can lead to a more defective substrate and a dramatic decrease 
in molecular mobility.  
6.4 Summary 
In this chapter, we discussed the adsorption of a halogenated molecule, TBTANG, on both a single 
crystal Au(111) surface, and the semiconducting Si(111) √3-Ag surface. Dosing TBTANG molecules onto 
a RT Au(111) surface leads to the self-assembly of intact molecules, stabilized by Br···Br interactions. 
The repeating motif of the SAMN is a pair of three-spoke molecules, rotated by 180° with respect to each 
other. The unit cell is an oblique cell with dimensions of 1.9 nm by 1.5 nm and are consistent with DFT 
calculations based on a free-standing layer [157].  
Deposition of TBTANG onto a hot Au(111) surface yields a complete polymer layer. By measuring 
the pore-to-pore distance extracted from STM and comparing the result with DFT calculations, we confirm 
Figure 6.16. Surface after annealing at 100°C for 30 
minutes (Vsample = -1.18 V, I = 800 pA). Disordered 




the polymeric character of the TBTANG overlayer. The quality, and extent of the polymer domains 
exceeds any previous reports elsewhere [158]. 
TBTANG molecules remain intact following deposition onto a Si(111) √3-Ag surface kept at RT. At 
1ML, TBTANG forms a complete SAMN characterized by an oblique unit cell defined by lattice vectors 
of (19.1±0.5 Å) and (15.3±0.5 Å) and an angle of 60°. This unit cell is almost identical to the SAMN 
observed on the Au(111) surface at RT. In contrast to previous results with TBTTA and TIPT, we found 
that point defects and domain boundaries in the Si(111) √3-Ag substrate do not limit the size of the 
supramolecular domains. At sub-monolayer coverage (~ 0.9ML), the molecular layer extends over the 
entire surface with domains separated by “gaps”. At low coverage, only single or double molecular rows 
are observed on surface. The spacing between molecules extracted from these low coverage molecular 
structures is smaller than in the complete monolayer SAMN. We believe this is due to a reduction in the 
number of nearest neighbors. 
At 1ML coverage, inter-molecular interactions dominate the structure of the complete SAMN on 
Si(111) √3-Ag substrate. However, when coverage drops below 1ML, a clear influence from the substrate 
is observed, i.e. the observation of ‘gaps’, with definite epitaxial relationships to the √3 lattice, and the 
growth of molecular rows along one of the three C3v high-symmetry directions. In other words, the Si(111) 
√3-Ag substrate primarily acts as a physical support at 1ML coverage while it does affect the arrangement 
of molecules at lower coverage. 
Unlike the behavior on Au(111), preliminary annealing experiments do not lead to polymerization of 
the TBTANG layer. Rather, annealing at ~ 90℃ leads to disordered regions which nucleate primarily at 
step edges. These disordered regions expand with further annealing at a higher temperature. We believe 

































Continuous progress in nanoscience opens exciting new pathways for the development of novel 
functional materials. Among them, is the creation of surface confined low-dimensional molecular 
structures as a promising alternative to top-down approaches in electronic device fabrication. Highly 
ordered molecular networks can be obtained either by non-covalent supramolecular self-assembly, or by 
covalent on-surface synthesis of polymer frameworks.  
In this thesis a number of adsorption studies of halogenated organic molecules have been presented 
both on single crystal metal and passivated silicon surfaces. Three distinct molecular systems have been 
investigated in detail by a combination of scanning tunneling microscopy (STM), Auger electron 
spectroscopy (AES).  
In chapter 4, we presented a study of the adsorption of brominated tetrathienoanthracene (TBTTA) 
molecules onto the Si(111) √3-Ag surface at room temperature. The two-dimensional √3-Ag adlayer acts 
to passivate the silicon surface and provides a high-mobility template for TBTTA adsorption. STM images 
reveal that at low coverage, the molecules readily migrate to step edges and defects in the √3-Ag overlayer. 
With increasing coverage, the molecules eventually form compact supramolecular structures. In terms of 
the hexagonal √3 lattice vectors (a√3 and b√3), the oblique unit cell of these structures can be defined by 
lattice vectors am = 3a√3 + 2b√3, and bm = − a√3 + b√3. The structures are quite fragile and can decompose 
under repeated STM imaging. This is particularly true at higher bias and suggests an electric field-induced 
dissociation in these instances. With increasing molecular dose, the size and stability of the structures 
increases. At higher coverage, the spatial extent of the supramolecular structures is often limited by defects 
in the underlying √3-Ag layer. Our results suggest that the Si(111) √3-Ag surface does provide a relatively 
inert substrate for the adsorption of TBTTA molecules, and that the supramolecular structures are held 




In chapter 5, we studied the complex interactions between adsorbates and surfaces, to demonstrate 
how the reactivity of the substrate can play a major role in molecular arrangement on surfaces. The 
adsorption of a halogenated organic molecule, 2,4,6-tris(4-iodophenyl)-1,3,5-triazine (TIPT), on the 
Ag(111) and Si(111) √3-Ag surfaces was been compared both at room temperature and following 
annealing. 
Our results indicate that on Ag(111), TIPT molecules dehalogenate upon deposition at RT and form 
organometallic structures stabilized by silver adatoms. STM images reveal a disordered organometallic 
network and the atoms between the two adjacent phenyl groups are identified as Ag atoms from the 
substrate. The effect of post-deposition annealing indicates that polymerization does not occur below 
100 ℃. A two-dimensional (2-d) polymer can be formed by annealing the sample to between 100 ℃ and 
135 ℃ for at least 20 minutes, and indicates that additional thermal energy is necessary for the formation 
of covalent bonds between TIPT radicals. 
In contrast to adsorption on Ag metal surfaces, on the Si(111) √3-Ag surface we find that TIPT 
monomers remain largely intact at room temperature.  Many STM images show evidence of diffusing 
species on the surface. In fact, parallel row features are observed due to diffusing molecules. Ordered 
supramolecular domains are formed with increasing coverage. The size and symmetry of the unit cell 
associated with these supramolecular features is consistent with domains of intact monomers held together 
primarily by intermolecular forces. DFT calculations reveal a very weak inter-row interaction thus very 
small energy is needed to adapt inter-row spacing to the underlaying substrate. This explains the origin of 
the expanded inter-row spacing in our observed cell. The formation of supramolecular domains is 
extremely sensitive to the quality of the underlying √3-Ag reconstruction.  Point defects in the  
Si(111) √3-Ag reconstruction ultimately restrict the extent of the domains.  We also observe that the 




these additional defects are the result of interactions between the Si(111) √3-Ag surface and free iodine, 
which is the by-product of the dehalogenation of a small fraction of the adsorbed TIPT molecules. 
Annealing the supramolecular layer does not lead to a polymerization, but rather leads to a more 
disordered surface. Increased dehalogenation leads to a dramatic increase in the amount of free iodine 
atoms on the surface and these iodine atoms can interact with silver atoms in the √3-Ag layer and result 
in a surface with higher defect density. The lower mobility results in a more disordered molecular 
overlayer. 
In chapter 6, we presented an investigation of the adsorption of another halogenated molecule with 
threefold symmetry, TBTANG, on the Au(111) and Si(111) √3-Ag surfaces. We were able to confirm 
both the self-assembly and polymerization results on Au(111) to be published by F. DeMarchi and  
G. Galeotti et al. [157, 158]. Dosing TBTANG onto Au(111) at room temperature yields a long-range 
self-assembled structure consisting of intact molecules stabilized primarily by Br···Br halogen bonding 
interactions, with extended domains that follow the herringbone structure of the gold substrate. The 
repeating motif of the structure is a pair of these molecules, rotated by 180° with respect to each other, 
with a Br···Br separation of 0.39 nm. 
A complete monolayer of honeycomb polymer can be obtained by depositing TBTANG molecules 
onto a hot Au(111) surface above the de-halogenation temperature. Instead of a two-step Ullman reaction, 
which is the most common route for the preparation of ordered 2-d conjugated polymers, the approach 
allows for a one-step polymerization. In the case of TBTANG, this approach overcomes a negative 
templating effects that occurs with the intermediate proto-polymer, and achieves an ideal coupling-to-




We extended the study of TBTANG to the Si(111) √3-Ag surface. At room temperature TBTANG 
molecules behave similarly on Si(111) √3-Ag compared with the Au(111) surface. Upon deposition, the 
molecules display a high mobility, and with increasing coverage, TBTANG exhibits the long-range self-
assembly of intact molecules. At one monolayer, the repeating motif is almost identical to that observed 
on Au(111) at room temperature. The self-assembled layer extends over the entire surface and while 
defects in the √3-Ag substrate affect the integrity of domains, they do not limit the size.  Unlike the gold 
surface, post-deposition annealing does not lead to polymerization. In contrast, disordered regions are 
observed to grow out from the step edges. 
As a consequence of this work, it became apparent that the Si(111) √3-Ag does provide a suitable 
template for the self-assembly of halogenated molecules at room temperature. Unfortunately, any attempts 
to polymerize the molecules via an Ullman type reaction proved unsuccessful. Unlike single crystal metal 
surfaces (i.e. Au(111) and Ag(111)), the √3-Ag surface reacts more dramatically with the halogen atoms 
cleaved from molecules after dehalogenation. The results indicate that that Ullmann type polymerization 
is not an option on the Si(111) √3-Ag surface. In order to realize the ultimate goal of producing a polymer 
with a high degree of order and electronic conjugation in 2-d on a semiconducting surface, several 
alternate approaches should be attempted.  
One approach would be to stay with halogenated molecules which give promising results on metal 
surfaces (TBTANG), but deposit them onto another passivated silicon surfaces such as the Si(111) √3-B 
surface which has already been shown to provide enough mobility for the diffusion of halogenate 
molecules [140, 163-165]. However, the drawback with this approach may be that without the presence 
of a noble metal catalyst, considerable energy will be required for dehalogenation. Whether the halogen 




One alternative would be to synthesize highly ordered polymers on a different substrate and 
subsequently transfer them to desired semiconducting surface. Since most successful examples of 2-d 
Ullmann type coupling have taken place on metal substrates, transferring highly ordered polymers to 
semiconducting/insulating could be a feasible way to produce a hybrid system. One pioneering example 
is the atomically precise synthesis of graphene nanoribbons (GNR) on gold films subsequently transferred 
onto a SiO2 substrate [166]. However, this requires sacrificing the gold substrate used for GNR synthesis, 
and the process is relatively complex. 
Another path would be to explore other approaches to polymerization. i.e. via condensation reactions. 
One recent example demonstrated the self-dehydration reaction of benzene-1,4-diboronic acid (BDBA) 
leads to the formation of boroxine rings and to an extended 2-d polymer under UHV by Clair et al. [91]. 
Other approaches to coupling like Glaser-type reactions and intermolecular dehydrogenation are also 
being widely explored, however to date the results are far less successful than Ullmann coupling. 
Recently, great effort has been devoted to exploring an approach to create molecular architectures 
based on chemical components that interact through more robust, yet reversible bonds [167]. Compared 
to conventional covalent chemistry which operates under kinetic control, dynamic covalent chemistry 
(DCC) is a thermodynamically controlled process which shares a number of features with supramolecular 
chemistry [167-170]. For example, dynamic covalent bonds are reversible and can be reconstructed. Guan 
and coworkers [171] synthesized highly ordered boronic acid-based surface covalent organic frameworks 
(SCOFs) of large extent on HOPG using biphenyldiboronic (BPDA) as precursor. By introducing a small 
amount of water, the chemical equilibrium of the dehydration reaction of boronic acid can be manipulated. 
Conceptually similar procedures could be applied to the semiconducting substrates we are interested in. 
However, some semiconducting surfaces can only be investigated under ultra-high vacuum. Thus how to 
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